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PREFACE TO SECOND EDITION. 



Having been informed by the publishers that a new 
edition of this work was frequently asked for, I have 
revised it for republication with as much care as 
possible. 

The reader will observe that many additional sub- 
jects have been introduced, while most of the chapters 
have been very considerably extended; and I have 
again to thank my professional brethren for the assist- 
ance which they have rendered. 



Edinbuboh, February 1874, 
84 Geoboe Stbeet. 
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PREFACE TO FIRST EDITION. 



The following pages are a reprint, with many additions, of 
the Article " Harbours," in the last edition of the Encyclo- 
paedia Britannica. The late Professor Hosking, of the London 
University, proposed to republish that Article, along with 
several others, from the Encyclopaedia, as an independent 
Treatise on Civil Engineering and the Constructive Sciences, 
and it was accordingly revised, with the intention of its 
appearing as one of the proposed series. Owing to the death 
of Professor Hosking, that work was not proceeded with, and 
the Article is now published by itself in a separate form. 

I have endeavoured to make this volume a useful contri- 
bution to Maritime Engineering, by introducing into it, as 
largely as possible, the results of actual practice. In request- 
ing a measure of indulgence for the insertion of matter wliich 
is familiar to the experienced practitioner, I would remind 
the reader of the necessarily comprehensive character of an 
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Encyclopaedia article ; while, for imperfections and undue 
abbreviations, I can only urge my desire to enlarge upon 
those branches of which I happened to have had most per- 
sonal experience, rather than to deal too much with subjects 
at second hand The reader will, however, notice how much 
I am indebted to several of my engineering friends, and also 
to the excellent " Cours de Construction — Ouvrages Hydrau- 
liques des Ports de Mer," by M. Minard. 



Edinbuboh, March 1864. 
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OF HARBOURS. 
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All harbours may be classed either as havens for the protec- 
tion of ships during storms, or as ports adapted for commercial 
purposes. 

Of the first-mentioned class, or those which are called 
harbours of refuge, some are natural and some artificial 
Many parts of the British coasts are amply provided with 
natural bays and creeks, while in other districts the accom- 
modation and shelter have been entirely supplied by artificial 
means. Thus, great portions of Ireland and of the west coast 
of Scotland are plentifully provided with excellent deep-water 
bays and anchorages ; while on the east and south-west shores 
of Britain there are few natural harbours. Cromarty Bay^ 
described by Buchanan as "adversus omnes tempestates 
portus salutiferus ac certum perfugium,"* is 200 miles distant 
from the Firth of Forth, which is the nearest natural harbour 
to the south ; and there are no less than 400 miles between the 
Firth of Forth and the Thames, which may be considered as 
the next really unexceptionable place of refuge. On the west 

* Rcr. Scot. Hist, Auct. G. Buchanano, 1583. 
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2 DIFFERENT CLASSES OF HARBOURS. 

coast, there are about 200 miles between the nearest harbours 
of Milford and Loch Ryan. The construction of artificial 
places of refuge becomes, therefore, a very important matter 
in a country where every winter's list of shipwrecks and loss 
of life reminds us how much nature has left for art to accom- 
plisL For the most perfect body of evidence regarding the 
ports of Britain, we cannot do better than refer to the volumes 
of Reports by the Royal Tidal Harbours* Commission of 1846 ; 
for the completeness of which the public is mainly indebted 
to the zeal of the late Admiral Washington, the indefatigable 
hydrographer to the Admiralty. 

The designing of harbours constitutes confessedly one of 
the most difficult branches of civil engineering. In making 
such a design, the engineer, of course, avails himself of the 
information which is to be derived from past experience, and 
endeavours, to the best of his power, to institute a comparison 
between the given locality and some existing harbour which 
he supposes to be similarly situated. Perfect identity, how- 
ever, in the physical peculiarities of different localities, seldom, 
if ever, exists, and all that can be done in deriving benefit 
from past experience is to select the harbour which seems most 
nearly to resemble the proposed work. 

In order the better to understand the nature of the diffi- 
culties which beset the marine engineer, let us suppose that he 
is called upon to design works for the accommodation of ship- 
ping in a given locality. The questions which immediately press 
on his attention are, first, What is the cheapest kind of design 
which is suitable for the place and sufficient for the class of 
shipping which has to be accommodated? and secondy What are 
the smallest sizes of materials that are admissible in its con- 
struction ? as on this the cost of the work may materially 
depend. Before considering how far it is possible to answer 
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these questions, let us endeavour to define the dififerent 
varieties of design into which all sorts of harbours may, with 
propriety, be resolved. 

In the first place, they may be all classified under two 
main heads — viz. Interior Works and Exterior Worlcs. 

Interior Works. — The interior works are provided for the 
accommodation and repair of vessels. They consist of tide 
basins with or without gates — of wet docks with entrance 
locks — of graving (or diy) docks — patent slips — ^gridirons, etc., 
the three last mentioned being only for the reception of 
vessels requiring repairs. It is not proposed to enter on any 
very detailed description of the inner works of harbours, as, 
from their situation, they are necessarily protected from heavy 
seas, and are consequently more nearly of the same character 
at difierent harbours than the exterior works, the nature of 
which must vary more or less with every locality. 

Exterior Works. — The exterior works of harbours may be 
conveniently enough classified under the foUowing five different 
designs — 

Different Classes of Harbours. 

I5/, Harbours of Refuge and Anchorage Breakwaters, consist- 
ing of one or more breakwaters, so arranged as to form a safe 
roadstead, which shall be easily accessible to the largest vessels 
in aU states of the weather and tide. A breakwater forms a 
barrier either complete or partial to the progress of the waves, 
and is intended for sheltering the anchorage ground under its 
lee. It is not, like piers or quays, used for commercial traffic, 
and therefore a parapet is not necessarily required for prevent- 
ing the waves from breaking over the top, although it may be 
useful as a protection against the wind. 
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2d, Deep-tixUer and Tidal Harbours far commercial purposes 
(Fig. 1, a and J). — ^A harbour for commercial purposes is any 
arrangement of piers or breakwaters, or of both, which incloses 
and so tranquillises a sheet of water, that vessels may be moored 
at the quay walls or wharves, which form the inner sides of 
the piers. Where the coast-line lies open to a heavy sea it 
is often found necessary to make a double harbour (Fig. 1, J). 
In such a case the entrance to the inner basin is situated 
within the sheltered area formed by the outer works. 




Fig. 1. 

dd, Ranted or Curved Piers (Fig. 1, c). — Where there is a 
single pier of this kind, vessels lie under the lee of the kant 
or kants, and the sheltered side of the pier is therefore finished 
as a quay. The pier may, as for example that at Bournemouth, 
have a double kant, or cross-head, built at right angles to 
the main portion, so as to give the structure the form of the 
letter X ; at one side or the other of which, according to the 
direction of the wind, vessels can always find some shelter. 
We propose to term the outer extremity of any single pier 
its free end, because there is an expanse of open sea all round 
it, in contradistinction to the outer end of a close harbour, 
where the sea-room is limited to the breadth of entrance, which 
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is always kept as narrow as is consistent with the safe passage 
of vessels. Both extremities of all single isolated breakwaters 
are, of course, free ends, as are also the seaward ends of all 
single breakwaters which are connected with the land. 

Ath, Straight Piers (Fig. 1, d). — A straight pier generally 
projects at right angles to the coast line, with a free end at 
its seaward extremity, and, unless when the wind blows right 
in upon the shore, a straight pier will always afford some 
shelter on its lee side. In order to get the full advantage of 
this kind of pier, both sides are sometimes finished as quay 
walls, and the parapet, if there be one, is built in the middle 
of the roadway, ae at Granton in the Firth of Forth. 

5th, Qtuiy or Wharf (Fig. 1, e). — A quay wall is usually built 
parallel to the line of shore. It affords no shelter of any kind, 
and the only advantage which it possesses is that of enabling 
vessels to load and unload without their having to " beach," 
or, where the shores are steep, even to take the ground. The 
same object may also be effected by an open framework of 
timber pQes — ^by a suspension bridge, with a wharf at its 
outer end — or by a floating pier rising and falling with the 
tide, and connected with the shore by a bridge. 

Different Expomres require different kinds of Harhours. — 
It will be observed that all the kinds of piers or harbours 
just enumerated differ materially from each other in the 
amount of shelter which they afford, and are therefore suitable 
for places having very different degrees of exposure. Now 
we find an almost infinite diversity in the height of waves 
when we pass along the coast from one part to another. In 
some places there are shores which lie open to the full fury of 
the ocean, while other parts of the same coast are protected 
in some directions by projecting headlands or islands. Then, 
leaving the main coast, we have the shores and bays of narrow 
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sounds, the breadths of which vary at different places ; and 
lastly, we have creeks so perfectly land-locked, as to afford 
complete natural shelter in the worst weather. In some 
situations the foreshore is steep, affording sufficient depth for 
heavy waves not only to reach the beach, but to tear up rocks 
at levels far above the high-water line ; while in others it is so 
flat and shallow as to form a natural breakwater for the protec- 
tion of the coast. In some districts there are tides rising forty 
or fifty feet, in others not as many inches ; and lastly, we have 
differences in the geological formation and in the tendency to 
deposit Now, it is quite as bad engineering to adopt the 
cowardly and unjustifiable policy of erecting in sheltered seas 
works that are heavy enough for the open ocean ; as through 
ignorance or foolhardiness to fall into the opposite error of 
designing structures that are deficient in strength and effi- 
ciency. The very fii'st step to be taken, therefore, is to select 
from the different classes of designs which have been enume- 
rated, the one which is best adapted to the physical peculiarity 
of the situation. The engineer, in order to make this selection 
judiciously — keeping ever in view the essential elements of 
stability, expensey and safe accommodation for the trade of the 
port — must consider the following queries : — 

Firsty Is the place so well sheltered naturally as to require 
no artificial protection of any kind, so that a quay without a 
. parapet, or an open framework of timber, will be sufficient for 
vessels to lie alongside without risk of damage in all ordinary 
states of the weather ? Examples of such quays may be found 
in rivers and creeks even where there is a considemble expanse 
of water, such as Greenock, Invergorden, and the like. 

SccoTul, Is the place situated in a Sound or Estuary, where 
the cross waves or those which come endways on the pier, are 
small, owing to the estuaiy being narrow, and where the 
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heaviest waves are those which assail the work on its sides, so 
that a straight pier will be sufficient ? of this Burntisland in 
the Firth of Forth is an exampla 

Third, Is it necessary to protect the berthage by means of 
a curved or kanted pier, as may be seen in a great variety of 
places where the sea is not very heavy ? 

Fourth, Is it necessary that a space of water should be 
inclosed between two piers inclined to each other till they 
nearly meet, and admitting (throTigh the narrow entrance thus 
formed) only a small portion of the outside wave, which is 
afterwards reduced by expansion into the inclosed area? 
Examples of this may be seen at Eamsgate, and many other 
places on the coasts of Britain. 

Fifth, Must we have recourse to what may be called a 
compound harbour, consisting of one harbour within another, 
where the outside waves are first reduced by expansion into 
the area of the outer or stilling harbour, after which a yet 
greater reduction is attained by a second expansion of a portion 
of the reduced wave into the area of the inner basin ? Ex- 
amples of such double harbours are common on all coasts 
which are much exposed. 

Tlie Requirements of a good Harbour, — After the engineer 
has satisfied himself as to the general character or class of de- 
sign required, — which is undoubtedly the principal question 
to be settled, he must next consider the details. If the place 
be much exposed he must arrange the different parts of the 
work so as to produce a harbour which may be easily taken 
and left in stormy weather, without endangering the tran- 
quillity of the internal area ; for it is the combination of the 
qualities of easy entrance and exit with a good " loose " and a 
smooth interior, which alone constitutes a good harbour. Lastly, 
he must fix the width of the piers and height of the parapets. 
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and assign the sizes and determine the arrangement of the 
constituent materials in such proportions as to ensure the 
stability of the whole structure. 

What follows is an attempt to assist the engineer in the 
solution of some, at least, of these and other questions affecting 
the construction of harbours. 

The local characteristics which at the outset demand our 
consideration are — Ist, The geological and other physical 
peculiarities of the shore ; 2d, the exposure ; 3d, the force of 
the waves due to the exposure ; 4th, the strength, direction, 
and range of the tides ; 5th, the depth of water of the bay or 
sea in which the harbour is to be placed ; 6th, the proximity 
of deep water to the pier itself, which, of course, depends on 
the slope of the foreshore ; and 7th, the angle which the coast- 
line makes with the direction in which the heaviest waves 
come. 

Before proceeding to consider these different subjects it 
may simplify matters to non-professional readers, or others 
who are beginning to study the subject, to denote, as shown 
in Figs. 2 and 3 on the opposite page, a few of the technical 
names of the different parts of a pier, which will be very 
frequently employed as we proceed. 
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CHAPTEE 11. 

GEOLOGICAL AND OTHER PHYSICAL FEATURES. 

Apparent Signs of the existence of a heavy Sea due really to gradual Attrition 
— Appearances leading to an Under-estimate of the Exposure — Long 
I.<edgcs of Rock sometimes dangerous — Levels of Vegetation and of 
Surf-marks deceptive — Great Storms as contrasted with heavy Gales — 
Tempest of 1703 — Level assume<l by Mud a measure of Exposure — 
Action of Waves at bottom — Level of Mud on German Ocean — Exposure 
of Dutch Coast. 

The engineer who is accustomed to contemplate the features 
of different sea-beaches is able to draw conclusions as to the 
exposure, the means of arriving at which cannot be imparted 
to anotlier, but must be gained by personal experience alone. 
We shall therefore confine our remarks to one or two character- 
istics which admit of description. In some places these are 
obvious and easily judged of, but in others there are deceptive 
a])pearances wliich the engineer should be able to detect. 

Apparent Signs of Effects of heavy Waves due to gradual 
Attrition, — Sir Henry de la BSche mentions in his (Jeological 
Manual* that portions of the underclifiFs at Pinhay, near 
Lyme Regis, have been destroyed, not so much by the action 
of the sea as by that of land-springs. The upper strata at 
that part of the coast are described as consisting of gravel, 
chalk, and greensand, resting on a bed of clay, resulting from 
tlie disintegration of the greensand beds above, and of the 
upper part of the lias beds beneath. The strata whicli lie 

♦ Manual of Geology. London, 1832. 
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above tlie clay, being porous, admit of the percolation or the 
surface water, which descends till it renchea the impervious 
clay-bed, when it escapes by the easiest road to the sea. In 
escaping, it gi-adually washes away the outer parts of the 
clay-bed, thus depriving the upi>er strata of chalk and green- 
sand of their support. The under bed of lias, which resists the 
action of the land-springs, forms a base which receives the 
ruins of the upper strata as they fall, until the sea in front, 
having gradually removed the bed of lias that suppoi-ts them, 
allows them to drop upon the beach, where they are broken up 
by the sea. The waves therefore perform only a very minor 
part in the destmction of the cliffs ; tbe principal cause being 
the gradual escape of water from tho land-springa above. 

At some parts of the coast of Scotland there are similar 
apparent proofs of the waves having exerted a great force ; but 
the phenomena presenting these appearances, though no doubt 
indirectly due to the action of the sea, have not resulted from 
the stroke of any oue wave, and form, therefore, no measure of 
its force. The coal formation which crops out along these 
shores consists of alternating beds of freestone and soft shale, in 
the latter of which, owing to its fiiable nature and open texture, 
the surf makes easy inroads by gradual attrition, The beds 
of sandstone, being of much harder texture, wear more slowly, 
and are therefore often seen projecting several feet beyond the 
subjacent shale. When the freestone beds have been suffi- 
ciently undermined, they break olf bi/ their men weir/kt, and 
thus large tabular masses arc detached, which, to a casual 
observer, present all the appearance of having been broken off 
by the impact of the waves, whereas the whole effect is due tn 
[ the geological accident of the alternation of strata possessing 
different degrees of hardness. Tlie disproportionate liability 
to corroding action produced by breakers when acting on rocks 
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which are not of homogeneous texture and which vary in 
hardness, are not, however, confined to the sedimentary strata. 
Among the igneous rocks. Dr. Macculloch, in his Western 
Islands of Scotland, adduces the celebrated Fingal's Cave in 
Staffa as an example of this inequality of degradation. Dr. 
Macculloch considera that the formation of the cave, which 
is 130 feet long, is due to the numerous joints in the 
basaltic columns which confront the sea at that spot^ while 
the general character of the adjacent trap is a rock presenting 
fewer seams to the action of the waves.* 

Appearaivces leading to an Uhd^-estimate of the Exposure. 
— There are, however, in other districts deceptive appearances 
of a dififerent land, which may betray the observer into the 
opposite and more dangerous error of under-estimating the 
exposure, or of misleading him as to the level reached by very 
high tides. 

The engineer must remember, in drawing inferences from 
the rate of degradation, that this is not only dependent on the 
relative hardness of the rocks which are exposed to the waves, 
but also on the dip of the strata in relation to the direction of 
the breakers. Sir Henry de la B^che says — " In many situa- 
tions on the southern coasts of Devon and Cornwall, the slaty 
rocks dip in such a manner towards the sea that the waves 
have never eflected more than the removal of some loose 
superficial matter, the same that covers all the hills in the 
vicinity. In fact a skilful engineer could not have protected 
the coast better than has been accomplished by the dip of the 
strata." f 

Ledges of Mock dangerotis. — This remark of Sir Henry's sug- 

• Description of the Western Islands of Scotland, by John Macculloch, 
M.D., vol. ii. p. 11 : Lond. 1819. 
t Manual of Geologj', p. 71. 
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gests another source of danger which ought not to be over- 
looked If a sloping direction of the strata has the eflect of re- 
ducing the force against the coast by altering the direction of 
the surf, it is equally clear that where long ledges of rock cross 
the line of direction of a proposed pier, there may be expected 
an intensified action at the points of junction of the rock with 
the masonry. Long ledges of rock, though aflbrding useful 
shelter where the works run parallel to them, are therefore 
sources of danger where this parallelism cannot be preserved in 
laying out the lines of the piers. All attempts to carry works 
across those long narrow chasms which separate rocky shelves, 
or even to cross creeks of considerable width, must be regarded 
as peculiarly hazardous, and special provisions are required 
for resisting the concentrated action which is common to these 
and all other places where the sea is gorged. It is therefore 
a fallacy to suppose that a chain of isolated outlying rocks 
necessarily furnishes facilities for the erection of a breakwater, 
and therefore tends to reduce the cost of erection. On the 
contrary, although the existence of such rocks may reduce the 
amount of diving-bell work, it may increase the risk of failure 
to a great extent. 

It must, however, be understood that cases occur where, 
in order to find sufficient harbour room, or to effect some parti- 
cular object, it becomes necessary to erect sea-works in 
situations where the pent up waves must be fully encountered. 
The sea-wall of the Victoria Harbour at Dunbar is an instance 
of this kind, for the basin that had to be enclosed forms the 
landward portion of a narrow creek. The outer wall has 
therefore not only to check, without any lateral relief, the 
whole of the waves, whicli formerly dashed into the creek, but 
owing to the outline of the coast it has also to encounter them 
nearly at right angles to their direction. 
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Levels of Vegetation and of Sxirf-marks deceptive. — 
Mistakes as to the level of the highest tides are sometimes 
made by drawing too hasty conclusions from the presence of 
vegetable life. I have seen the thrift or ** sea pink" (Amieria 
maritima), which seems to indicate unmistakably the limit of 
the rise of the highest tide, submerged, even in calm weather, 
during equinoctial springs. The tide of 8th Januaiy 1868 rose 
at Leith,£iccording to Mr. George Robertson's observation,* four 
feet four inches higher than the calculated height for the day, 
and higher than any that has occurred for the last eighteen 
years ; and at Hull it rose five feet five inches above the 
calculated height.^ Hence in defining any measurements 
which have the tide-level for a datum — as, for example, in 
clauses connected with river conservancy — ^it should always 
be stated that it refers to a given ordinary spring iminfiuenced 
by wind. "Wliere there is no opportunity of making tidal 
observations, the level of the lq)as or barnacle shell, which is 
generally very sharp and well defined, may be adopted as a 
help in fixing the mean level The greatest lieight at which 
I have noticed this shell-fish, varies from about half-way be- 
tween the high- waters during neaps and ordinary springs, to 
about high-water of the highest neap tides or of the lowest 
springs. Nor must the existence of grass and other land- 
vegetation be regarded as any decisive proof that the surf 
never reaches it. In the Shetland Islands there may often be 
seen large blocks of rock (and to these we shall afterwards 
refer), which, during storms, have been driven over the land 

• Proceedings Royal Society of Edinburgh, 1868, vol. vi. p. 296. 

t Franklin mentions that a pond nine miles wide, and of an average 
depth of three feet, was acted on by a strong wind, which forced the water 
from one side, so that it was laid bare, and the depth of water on the other 
side was increased to six feet. — Rep. of the Commiss. of Agriculture for the 
year 1870, p. 610 : Washington, 1871. 
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at heights much greater than the level at which vegetation 
commences, and far above the ordinary run of the surf. 

Great Storms as contrasted with Heavy Gales, — I would 
also add a caution applicable specially to all inquiries re- 
garding the occurrence of storms. It is a common and 
dangerous mistake to trust to the highest marks of the 
surf that may be visible on the beach, and which are pro- 
bably the vestiges of gales that have occurred within the 
previous year or two. Any such experience as this is greatly 
too limited. There is a vast difference between a "heavy 
gale*' and a "great storm** such, for example, as that of 
January 1839, when the wind assumed a force which has since 
been only once exceeded, in January 1868. And these 
storms, great as they were, must be regarded as only heavy 
gales, when we contrast their efiFects with those of the cele- 
brated hurricane which visited the South of England on 26th 
November 1703, and which scattered ruin, desolation, and 
death on every side. Among the records of its efiFects, I have 
selected the following facts (from the historical narrative pub- 
lished in 1769,* and Dr. Derham's paper in the London 
Transactions) ; and although these extracts may satisfy us 
that no subsequent storm has equalled this one, they still 
prove the dreadful violence with which marine works 7/iay 
possibly be assailed. 

The loss of men and ships in the Royal Navy was 12 
vessels^ 1611 men, and 524 guns. 

Besides these we have the following items : — 

Vessels lost at sea . . . .160 

Persons drowned in the Thames . . . 24 

Wherries lost in the Thames . . . 500 

* An Historical Narrative of the great and tremendous Storm which 
happened Nov. 26, 1703. London, 1769. 
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Persons killed in London 


123 


Totiil number lost at sea . . * . 


8000 


Houses blown do>\Ti . . . . 


800 


Churches stripped of lead 


100 


Steeples blown down . . . . 


7 


■Windmills destroyed . . . . 


400 


Trees blown down . . . , 


. 29,000 


Stacks of chimneys blown down in London 


2,000 



So violent a tempest as this may well be regarded as 
almost preternatural, and an engineer could hardly be blamed 
although his work had been unable to withstand its assaults. 
Still, we must ever be cautious in giving too much weight to 
the effects of heavy gales which have but recently occurred, 
and to which the name of " storm *' is too often improperly 
given. 

Storms occur indeed but seldom, perhaps not once in ten or 
twenty years, and very great stonns are, as we have seen^ of 
still rarer occurrence, whereas hardly a winter passes, in which 
one or two heavy gales do not take place. The error of con- 
founding the very different indications of gales with the effects 
duo to storms, may be well illustrated by the analogous eiTor 
in bridge engineering, of assuming as our data the levels of 
ordinary freshes instead of those of great floods, which, when 
they do occur, occasion, as every one knows, vastly greater 
damiigo. 

Ijivd assumed hy ihid a measure of the Exposure, — I have 
elsewhere * i-eferred to another feature which will be found of 
very considemble value in judging of the exposure of a coast. 
This is the level heloiv the stcrfaee of low-icater at which mtid 
reposes. It may appear unlikely that the disturbance of the 
surface of the sen occasioned by storms should be propagated 
to great depths, but there is no want of evidence on this head. 

* Proceedings Royal See. Ediii. vol. iv. p. 200. 
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Mr. Airy, the Astronomer Eoyal, has shown, on theoretical 
grounds,* that at a depth equal to the length of the wave 
the motion is t^t of that of the surface, and mentions tliat 
heavy ground-swells break in a depth of 100 fathoms. Sir J. 
Coode found, from under-water examinations made with the 
diving dress, that the shingle of the Chesil Bank was moved 
during heavy winter storms at a depth of eight fathoms, and 
Captain E. K. Calver, R.N.,f has seen waves six or eight feet 
high change their colour from the abrasion of the bottom after 
passing into water of seven or eiglit fathoms. The late Mr. 
Eobert Stevenson, in his paper on the alveus or bed of the 
German Ocean, | says — " The dispersion of fishes, evinced by 
their disappearance from the fishing grounds in stormy 
weather, tends to show the disturbance of the ocean at the 
depth of thirty or forty fathoms. This observation I have 
frequently had an opportunity of making near the entrance of 
the Firth of Forth. Numerous proofs of the sea being dis- 
turbed to a considerable depth have also occurred since the 
erection of the Bell Eock Lighthouse, situate upon a sunken 
rock in the sea twelve miles from Aibroath in Forfarshire. 
Some drift stones of large dimensions, measuring upwards of 
thh-ty cubic feet, or more than two tons weight, have, during 
storms, been thrown upon the rock from deep water. These 
large boulder stones are so familiar to the lighthouse keepers 
at this station as to be by them termed ' travellers.' " 

To these may be added a curious example of the action of 
the waves on the bottom near Burlington Harbour, where a 
well was sunk which discharged water whenever the tide rose 
to within 4 feet 2 inches of the level of its mouth, and, 
" during storms," says Dr. Storer, who gave an account of it in 

* Encyclopaedia Metrox>olitana, article Waves. 

t The Wave-screen, by E. R. Calver, R.N. London, 1858. 

t Weraerian Nat Hist. Soc. Trans. 1820. 

C 
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1815, " tie wattr flows in wares simS^Lr ♦ to the waves of 
the dea." These p^Lenomena were auziLuted to the pressure 
of the tifie and waves on an outlet of the sprino^ which was 
on good grounds supposed to exist in the bottom of the hay 
outside. 

From these statements it mav easilv be inferred that i% 

m m 

exposed niuatians mud cannot rtffcse mar the svr/aee^ Xo one 
would expect to find a muddy shore confronting an open 
sea, where the deep water approached closely to the shore, 
though he would not express surprise at finding such a 
beach on the borders of a land-locked bav or of a sheltered 
estuary.-f Although the absence of mud in any locality proves 
nothing, because the tide-currents may sweep it away, or the 
geological formation may not produce it, yet its presence 
seems Ixith a delicate and certain test of the lowest limits to 
which the disturbance originating at the surface has reached 
German Ocean, — Xow, applying such a test to the German 
Ocean, we find no mud in the immediate neighbourhood of 
Whalsey, in Zetland, and I admit that no absolute conclusion 
can 1x5 drawn from its absence ; but within twenty-five miles 
we find it in from eighty to ninety fathoms below low-water. In 
the latitude of Wick it occurs in from sixty to seventy fathoms ; 
in the latitude of Kinnaird-head we have it, on the Norwegian 
side, in forty to fifty fathoms ; in the Moray Firth, abreast of 
iJanffHliiro, we find it in depths of about tliirty-five fathoms ; 
while, OH we proceed towards the more sheltered parts of that 
fiilh, wc find it rise to within twenty fathoms of low-water, 

• Pliil. Trans., 1815. 
t At Allippoy, in India, there is a peculiar oily mud, existing in such 
fnorinouA ({uuntities, that when disturbed by tlie Monsoons, tlie sea itself 
))e(;oinrN a moHH of fluid greasy mud, which destroys the waves. See Mr. G. 
HobcrtHon's description (Roy. Soo. Edin. Proceedings). 
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and within the Dornoch Firth we find it within sixteen, and 
close in, under the shelter of the Sutherland shore, we find it 
in only eight fathoms under the low-water surface. In the 
latitude of the Firth of Forth it appears in depths of from 
thirty to forty fathoms ; and proceeding up that Firth we 
have a good illustration of the truth of this mud-test ; for, on 
looking at Fig. 4, which represents the relative level of the 
muddy bottom on the southern shore, we find it gradually 
rising nearer to the low-water level, in proportion as the 
shelter increases, from twenty-two fathoms at Dunbar up to 
three fathoms off Leith ; and were the section carried beyond 
Queensferry, we should find the mud actually emerging above 

Fig. 4. 




g. 6. 



^ g mittr y* 
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the surface at low-water, even although the current gets 
stronger as we ascend the narrow estuary. Fig. 5 represents 
a similar section of the northern shore of the Firth of Forth, 
and here the mud gradually rises from twenty-two fathoms off 
Fifeness up to eight fathoms at Burntisland ; whereas near 
Leith, on the shore opposite (vide Fig. 4), it exists as we have 
stated in three fathoms, which accords well with the known 
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fact that the heaviest sea passes on the north side of the 
Island of Inchkeith, and not on the soutk 

Leaving this small firth or inlet, which was only adverted 
to as a proof of the applicability of the test to facts generally 
recognised, we return to the German Ocean, and observ^e that 
towards its southern portion mud is found within about 
twenty fatlioms of the surface, and under lee of tlie Dogger- 
bank within fifteen fathoms ; and proceeding still farther 
south, we find it on the coast of Holland at depths of from 
twelve to sixteen fathoms, and at only eight fathoms at the 
mouth of the Elbe. 

Waves on Dutch Coast. — Now, the violence of the waves 
upon the shores of the German Ocean certainly decreases 
in much the same proportion as the rise in the level of 
the mud, there being a gradual decrease as we come from 
Shetland and the North of Scotland — where, as will be 
afterwards shown, wonderful energy is displayed by the sea 
— to the coasts of Holland, where the waves are much 
modified. Although it is no doubt true that the flat-bot- 
tomed vessels of the Dutch are built purposely for resisting 
a heavy surf, stUl the fact of their being able to take the 
open beach in nearly all weathers along that coast without 
any protection from harbours, goes far to prove that the waves 
are much reduced before the y reach tlie Dutch coast. The late 
Mr. R Stevenson remarks : * — " On this great range of coast, 
from Scheveling to the Helder, there is a succession of fisliing 
towns without a single harbour capable of receiving a vessel of 
almost any dcscrii)tion. When the Dutcli fisherman tliereforc 
arrives upon this coast with a cargo, he allows his vessel to take 
the ground, when she surges or is driven before the breakers 

* Journal of a Trip to Holland : Scots Magazino. 1817. 
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to high-water mark upon the beacL" The comparatively shel- 
tered state of these southern shores is farther corroborated by 
the practice of the inhabitants in designing the sea walls which 
protect their coast. Mr. Hyde Clark says ♦ — " On the coast 
of Zealand they (the Duteh) reckoned 8^ feet as the greatest 
heiglit to which any wave would be thrown,'* In shoit, 
although in the Gennan Ocean we shall find in any parallel 
of latitude almost every gradation of depth between the low- 
water margin of the shores where there is no depth at all, and 
the maximum sounding in the sea outside, yet mtul nowhere 
ajypenrs to exist in sliocd water in any place ivhcre tJiere is a 
heavy sea. 

The same general result may be found on the west coast 
of the British Isles. While on the west of Ireland mud does 
not lie nearer the low-water level than from 40 to 60 fathoms, 
patehes may be foimd on its eastern or more sheltered side, to 
tlie north of Dublin, at only 20 fathoms ; and half-way up 
Belfast Lough, where there is good shelter, it may be found 
at 5 fathoms below the surface. 

If, therefore, we find in front of a proposed harbour that 
mud reposes within a few fathoms of the surface, I believe we 
have in that fact certain ground for concluding tJuit our works 
vHll never be assailed by a veiy licavy secu 

* Min. Civ. Eng. 



CHAPTER III. 

GENERATION OF WAVES. 

Line of Maximum Exposure — Law of the Eatio of the Square Roots of Dis- 
tances from the Windward Shore — Coefficient for Heavy Gales — Formula) 
for Long and Short Distances — Maximum recorded Heights of Waves in 
Large Bodies of Water — Partial Action of the Wind — Linear Extent of 
Gales — Line of Maximum Effective Exposure — Oblique Action of Waves. 

Effects of Geographical Configuration of CJoast. 

Tortuous Channels — Expanding Channels — Propagation of Ground-Swell — 
Direction of the Coast Line in relation to the Line of Exposure — Lengths, 
Breadths, and Velocity of Waves. 

* 

Liiu of Maximum Exposure, — In comparing an existing harbour 
with a proposed one, perhaps the most obvious element is 
what may be termed the Utic of maocimum exposure, or, in other 
words, the line of greatest fetch or reach of open sea, wliich 
can be easily measured from a chart. But though possessed 
of this information, the engineer still does not know in what 
ratio the height of the waves increases in relation to any given 
increase in the line of exposure. 

Law of the Ratio of tJie Square Roots of the Distances from the 
Windward Shore. — In 1850 1 instituted a series of observations 
on the Union Canal, on a small fresh-water locli, and {ilso on the 
Firth of Forth and the Moray Firth, with the view of determin- 
ing the law of this increase ; and in the Edin. Phil. Journal for 
1852, I stated the height of the waves to be most nearly in 
" tlie ratio of the square root of their distances from the wind- 
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ward sh^fre,' or when h = height of wave, d = distance, and a 
is a coefficient, varying with the strength of the wind : 

h = a s/ d. 
The tnith of this law I have since then had various 
opportunities of testing.* The accompanying table contains 



Place of Observation. 



Soapa Flow 

Firth of Forth 

(trsuiton 

Cniignure 

Graiitoii 

I-*oiigh Foyle 

Clyde 

Colonsay 

Dysart 

Iiivergordoii 

Lough Foyle 

Glemuce Bay 

Anstruther 

Lake of Geneva, stated ) 

by Minardt \ 

Buckie 

>» 
Macduff 

»» 
Douglas, Isle of Man, ) 

St. George's Channel \ 

Kingstown^ 

Sunderland, distance ) 
measured from Broken / 

Bank ) 



2 


8 


Length of 

Fet«*h in 

Milefl 

Nautical. 


Observed 

Heiglit of 

Wave. 


1.0 


4.0 


1.3 


1.8 


2.8 


4.0 


3.5 


2.0 


6.0 


4.0 


7.5 


4.0 


9.0 


4.0 


9.0 


5.0 


10.0 


4.2 


11.0 


3.5 


11.0 


5.0 


13.5 


5.5 


24.0 


6.5 


30. 


8.2 


31.0 


7.0 


38.0 


7.0 


38.0 


8.0 


40.0 


8.0 


44.5 


8.0 


45.5 


10.0 


65.10 


10.12 


114.0 


15.0 


165.0 
]^Iean . 


15. 


139.7 


6.3 



Height due to 
Fetich, calcu- 
lated nroin 
Formula, 
A = 1.5 ^/ d. 



L5 
1.8 
2.5 
2.9 
3.7 
4.1 
4.5 
4.5 
4.9 
5.0 
5.0 
5.6 
7.5 

8.2 

8.4 
9.2 
9.2 
9.65 
10.02 
10.20 

.12 

16.0 

19.3 



153.57 



6.9; 



Height due to 
Fetch, calculated 

f^m Formula, 
;i = 1.5 v/rf + {2.5 

Vidt p. 25. 



3.0 
8.2 

3.75 

3.9 

4.6 

4.96 

5.25 

5.25 

5.5 

5.7 

5.7 

6.1 

7.7 

8.37 

8.5 
9.2 
9.2 
9.5 
9.9 
10.0 



15.25 
18.15 



162-68 



7.39 



* It follows from this law that the height of embauknients of reservoirs 
above the water-surface should, cakris jiaribus^ be proi>ortional to the square 
roots of the lengths of water over which the wind acts. 

+ Cours de Coustniction des Ouvrages Ilydrauliques : Liege, 1852, p. 8. 

t Some of the extreme waves appeared to be about twice this'] height, but 
it is of course very difficult to judge the height of such ** toppling" waves by 
the eye. 
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some of the observations made in 1850-52, as well as later 
observations on the effects of heavy gales, wliich could 
only be made at long intervals of tima Some of these were 
made for me in various quarters by resident engineers and 
inspectors of different marine works. For one olraervation 
in the Irish Sea I am indebted to Mr. R Mallet, C.E., and for 
many others to Mr. Middlemiss, Inspector of Harbour Works. 
Several are from my own observations, and two of the heights 
are from estimation by the eye, 

CocffideiU for Heavy Galea. — Some of these results * have 
also been laid down in Fig. 6, so as to form a «form-cMn«. 
Within the h'mits of the obsei-vations, the following very 




simple and easily remembered expression, which is represented 
by the parabolic curve in the diagram, will indicate pretty 
nearly the height of waves during heavy gales, at least in seas 
which do tiot greatly differ in tlrplh from those wliere the 

• The later observatjons ar« not given in the wtxxlcnt, wLieh was niadu 
several ^eara ago. 
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stations were situated If A = the height of the wave in fed 
during a strong gale, d = length of exposure in miles ; then, 
unless the water is of insufficient depth to allow the waves to 
be fully formed, or becomes so shallow as to reduce their 
height after they are formed — 

A= 1.5 sj d. 

The heights calculated according to this formula are given 
in column 4 of the foregoing Table. 

Formidafor SlwH Distances. — For most practical purposes 
of the engineer, this formula will be found sufficiently accurate. 
In order, however, to secure strictly comparable results, an ane- 
mometer would be required. But it must be observed that in 
short fetches in narrow lochs or arms of the sea, waves are raised 
higher during very violent gales than the formula indicates ; 
though it does not appear that such waves go on progressing 
in the same high ratio for any considerable distanca With the 
view of rendering the formula more exact for short reaches 
and violent squalls, the following will be found more suitable : 

H=1.5 v/D + (2.5-4/D). 

As already mentioned, however, the first easily remembered 
formula will be found quite sufficient for all ordinary gales 
and distances, and for bodies of water similar to those where 
the observations were made. Column 5 of the Table of Obser- 
vations contains the results given by this last formula. 

Mr. Hawkesley, in Min. Civ. Eng.,* published in 1861, says 
— *^ In the heaviest gales with which the British Coast was 
visited, their (the waves) height in yards was represented by the 
square root of the length in yards of the run of any one wave 
divided by 40/' This testimony is satisfactory as corroborating 
the law of increase as the square root of the distance, which was 
given in my formula of 1852, but assigns a coefficient which gives 

♦ Vol. XX. p. 361. 
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much greater results than mv experience wairantSu The fol- 
lowing Table may be foond convenient as a general guide : — 



TABLE showinj! Appboxmate Heights of Waves due 







to 


Lengths of Fetch. 






[Ik«. 


Hei^t^ ' 


vr.««. 


H<L^U. 


XHes. 


Ufi£lit& 


MUe«. 


H«s)iU. 


1 


= io 


20 


= 7.1 


39 


= 9.4 


130 = 


17.1 


2 


3.4 \ 


21 


7.2 


40 


9.5 ! 


140 


17.7 


3 


3.S . 


22 


7.4 


41 


9.6 '. 


150 


18.4 


4 


4.1 ! 


23 


7.5 


42 


9.7 ' 


160 


19.0 


5 


4^ : 


24 


7.6 


43 


9.S 1 


170 


19.5 


6 


4.6 ■ 


25 


7.S 


44 


9.9 j 


180 


20.1 


7 


4.8 


26 


7.9 ' 


45 


1 0.0 


190 


20.7 


8 


5.0 


27 


8.0 


46 


10.2 


200 


21.2 


9 


5.3 


2S 


8.1 


47 


10.3 


210 


21.7 


10 


5.6 


29 


6.3 


48 


10.3 


220 


22.2 


11 


5.7 


30 


8.4 


49 


10.5 


230 


22.7 


12 


5.9 


31 


8.5 


50 


10.6 


240 


23.2 


13 


6.0 


32 


8.6 


60 


11.6 


250 


23.7 


14 


6.2 


33 


8.8 


70 


12.5 


260 


24.2 


15 


6.3 


34 


8.8 


80 


13.4 


270 


24.6 


16 


6.5 


35 


8.9 


90 


14.2 


280 


25.1 


17 


6.7 


36 


9.0 


100 


15.0 


290 


25.5 


18 


6.8 


37 


9.2 


110 


15.7 


300 


26.0 


19 


7.0 


38 


9.3 


120 


16.4 







Maximum recorded Hcighi of Waves in Large Bodies of 
Water, — The only observations which I have met with for 
longer fetches than those in the Table are a height of 14 feet 
10 inches, as ascertained by the Comte de Marsilli, in 1725,* in 
the Mediterranean, where the longest possible fetch is about 
COO miles. At the harbour of Lybster, Caithness-shire, with the 
same maximum length of fetch, where observations were made 
fur me during a period of several years, the waves at the shore 
attained the height of 13J feet. At Sunderland I found the 



* IliHtoiro Phisiquc de la Mer, par Louis Ferdinaud, Comte de Marsilli. 
Amsterdam, 1725. 
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waves to be also about 13 feet high at the pier-head ; but 
the height, as in the two former cases, was no doubt reduced 
by the shallow water near the shore. At Wick, with much the 
same exposure, waves of about 40 feet have been observed to 
strike the breakwater. Commander Dayman observed that the 
highest waves off the Cape of Good Hope were 20 * feet, and 
Mr. Cockbum Curtis informs us that the gales which produce 
these rollers extend to from 300 to 600 miles. In the Atlantic 
Ocean, Dr. Scoresby, when at sea, measured the waves with 
great care and accuracy on different occasions. He says "f — 
" In the afternoon of this day (4th March 1848) I stood some- 
times on the saloon deck or cuddy roof watching the sublime 
spectacle presented by the turbulent waters. I am not aware 
that I ever saw the sea more terribly magnificent." Dr. 
Scoresby then ventured to the port paddle-box. " Here also," 
says he, " I found at least one lialf of the waves which over- 
took and passed the ship were far above the level of my eye " 
(30 feet 3 inches above the Tevel of the sea). ** Frequently I 
observed long ranges (not acuminated peaks) extending 100 
yards perhaps on one or both sides of the ship, the sea then 
coming nearly right aft, which rose so high above the visible 
horizon as to form an angle estimated at 2 or 3 degrees (say 
21"*) when the distance of the wave-summit was about 100 
yards from the observer. This would add nearly 13 feet to 
the level of the eye, and this measure of elevation was by no 
means uncommon, occurring, I should think, at least once in 
half-a-dozen waves. Sometimes peaks of crossing or crests of 
breaking seas would shoot upwards at least 10 or 15 feet 
higher. The average wave was, I believe, fully equal to that 
of my sight on the paddle-box, or more — that is ^ = 15 feet or 
upward, and the mean highest waves, not including the broken 

• Min. av. EDg. + Brit Assoc. Rep. 1850. 
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or acuminated crests, about 43 /ce^ above the level of ilie hollow 
occupied at tlic moment by iJie ship^ * 

Partial Action of the Wind. — ^Dr. Scoresby adds that, "in 
respect to form we have perpetual modifications and varieties, 
from the circumstance of the inequality of operation of the 
power by which the waves are raised. Were the wind per- 
fectly uniform in direction and force, and of sufficient continu- 
ance, we might have in wide and deep seas waves of perfectly 
regular formation. But no such equality in the wind exists. 
It is perpetually changing its direction within certain limits, 
and its force too, both in the same place and in proximate 
quarters. Innumerable disturbing influences are therefore in 
operation, generating the varieties observable in natural seas." 

Any one who has watched attentively the forms of waves 
will confirm this statement. During the continuance of a gale 
they assume a very irregular appearance, and defy all attempts 
to trace any individual undulation for a long distance. This 
irregularity in the action of the wind may be still better seen 
in a field of ripe com. At some parts of the moving stalks 
there appears a concentration to a very near centre, while all 
around there is but Little deflection. In short, while the whole 
field appears to be acted on by the wind, numerous small 
patches of greater depression are here and there to be seen, and 
these depressions quickly disappear, while others are as speedily 
formed at some distance in advance. Proofs of the same 
irregularity of action may be found after the gale has subsided, 
providing it has been strong enough to lay the com. Instead 
of finding the whole of the surface depressed, the stalks will 
be found in some places erect, and at others flattened, and these 
spots alternate the one with the other, without any regard to 
regularity. 

• IJrit. iUsoc. Kep. 1850, p. 26. 
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Linear Extent of Gales. — The reader must not, however, 
assume that the height will in every case be proportional to 
the line of exposure. Though this be true of the smaller 
class of seas, it cannot be extended to large oceans. It is 
probable that few gales are of sufficient extent to act over 
such a distance as between Europe and America ; and though 
it did, we may certainly conclude that there is a limit to the 
height to whicili the waves can be raised. Those noticed by 
Scoresby in the Atlantic, which were 43 feet, may perhaps 
have nearly attained the maximum height for any gale, how- 
ever great the depth, or however long the distance over which 
it acts. Though it is generally believed that the Atlantic 
gales have a rotatory motion, it is still quite consistent with 
that theory that the undulations should continue to be raised 
in one direction by the action of the storm for very consider- 
able distances. The late Colonel lleid, in his Development of 
the Law of Storms, says, at p. 32 — " I apprehend that the 
great undulations raised by the wind in revolving storms 
are raised along the radii of the whirlwind circle, and roll 
straight onwards in the direction of tangents to the circle of 
the whirlwind." Again, at p. 35 — ''' The undulations raised by 
storms sometimes roll on to a very great distance. ... I was in 
Bermuda when the hurricane of 1839 occurred, and distinctly 
heard the sea breaking loudly against the south shores on 
the morning of the 9th September, fuD three days before the 
storm reached the islands, as recorded in the tables of the 
state of the weather, kept at the central signal-station. At 
that time the hurricane was still within the tropics, and 
distant ten degress of latitude. As the storm approached, the 
swdl increasedy hrealdiig atjainst the southern shores with lomhr 
roar and great grandeur, until the evening of the 12th Sep- 
tember, when the whirlwind storm, reaching the Bermudas, 
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set in there." From these facts Colonel Eeid draws the 
following conclusion : — *^ I think it probable that the heaviest 
swell proceeding from a storm may be that which is propelled 
forward in the track which the storm is itself following, as 
the undulations in this case would be constantly receiving 
renewed impulses from the storm in its progression. This 
may account for the unusual degree of grandeur with which 
the undulations broke against the southern shores of the 
Bermuda Islands just before the storm set in." 

Mr. Eedfield* says that on one flank of the Atlantic 
storms, the direction of the wind coincides with that of the 
wave-propagation, and he also gives the extent of the follow- 
ing remarkable hurricanes, which I have arranged in a tabular 
form : — 



storm of 


Followed a Straight 
Course for 


Mean Velocity. 


23d June 1831 


1700 miles 


1 7 miles per hour. 


29th Sept. 1830 


1800 „ 


25 „ „ 


lOth Aug. 1831 


2000 „ 


13 J „ „ 


Sept 1804 


2200 „ 


IH » 


12th Aug. 1835 


2200 „ 


15i „ 


Aug. 1830 


3000 „ 


17 „ „ 


17th Aug. 1827 


3000 „ 


11 ,, ., 



To these instances we may add that the westerly gale of 
December 1862 blew for two and a half days at Edinburgh 
without almost any variation in direction. It will be found, 
by any one paying attention to the subject, that gales of as 
long continuance in one direction as that referred to, which 
was not specially selected for illustration, are by no means of 
rare occurrence in Britain. 

Line of Maximum Effective Uxpostcre, Obliqiie Action of 

* Journal Franklin Institute, vol. xix. 1837. 
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Waves. — It does not follow, however, that the line of maxi- 
mum exposure is in every case the line of maximum effective 
force of the weaves, for this must depend not only on the length 
of fetch, but also on the angle of incidence of the waves on the 
walls of the harbour. What may be termed the line of rrutxi- 
mum effective exposure is that which, after being corrected for 
obliquity of impact, produces the maximum result, and this 
can only be ascertained from the chart by successive trials. 
Let X = the greatest force that can assail the pier, h = height 
of waves which produce (after being corrected for obliquity) 
the maximum effect, and which are due to the line of maxi- 
mum effective exposure, sin a = sine of azimuthal angle 
formed between the directions of pier and the line of maxi- 
mum effective exposure. Then, when the force is resolved nor- 
mal to the line of the pier — 

aj oc ^ sin 'a ; 
but if the force be again resolved in the direction of the waves 
themselves, the expression becomes 

a; oc ^ sin 'a. 
It should not, however, be forgotten, in connection with this 
subject, that in some cases there are qualifying elements to 
which special attention requires to be given. The waves, for 
example, when approaching the land obliquely, often alter 
their direction when they get close to the shore, in consequence 
of a change in the depth, and from this cause they strike more 
nearly at right angles to the general line of the beach, and 
thus strike with greater force than the line of maximum 
effective exposure would lead us to expect. 

Beductian of Force due to Oblique Action, — Although ex- 
perimental observations are still wanted, we are not without 
practical proof of the reduction of the force of waves 
where the obstacle lies obliquely to their direction. At 
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the harbour-works of Lybster, in 1851, during the erection 
of the pier-head, which stands at right angles to the waves, 
occasional damage took place, and during one gale three 
stones about a ton each were thrown down, while the wharf 
wall immediately adjoining, which was parallel to the motion 
of the waves, was never injured in the slightest degree, 
although it was of far inferior strength. From the repeated 
injuries that the pier-head sustaijied while it was in progress, 
it was found necessary to connect together the whole of the 
stones with lx)lts — a precaution which was not required at the 
quay wall The late Mr. James Bremner of ^Yick, who had 
much exi)ericnce in sea works, recommended that piers should 
be laid out so as to form a horizontal angle of not more than 25** 
with the heaviest billows ; while Pi'ofessor Air)% on the other 
hand, considers that it is safer for the sea to impinge at right 
angles. 

The extraortlinary difference between waves acting only 
at right angles, and 011101*8 having even a very slight 
amount of obliquity, has been shown in the most unmis- 
takable manner in the W^'ick Breakwater, elsewhere referred 
to, where all attempts to make the work stand, when 
exactly at right angles to the sea, have hitherto been unsuc- 
cessful. Although I know no other work which is exposed 
to the same class of waves, still the lesson may be useful in 
other less exposed situations, by directing the attention of 
the engineer to the necessity of adopting additional precau- 
tions. The waves, on entering the bay of Wick, assume a 
curved form in 2^lfyno, and impinge upon the outer part of the 
out«'r kant of the new breakwater at nearly normal inci- 
dence. It was found by observation, that while waves com- 
ing iknii the direction of S. by E. struck the outer part 
at. normal incidence, tluy struck the landward end of the 
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same kant at an aiide of inciJeuce of Sl\ irivini; 0". of oMi- 
quity. Other south-easterly seas, which struck tho <:»utor j-art 
of the outer kant at an angle of inciJenee of 73' struck the 
landward part of the same kant at an angle of incidence of 
68**, giving 5° of obliquity. 



Effects of Geogr.\phical Configuration of the Coast. 

Karroxc Tortuous Clianneh. — Tlie value of the line of maxi- 
mum effective exposure varies in ceitain L icalities with th*- p.-o- 
graphical configuration of the land. Tlie harbour of Invemiy 
lies at the tenniuation of Lc»ch Fyne, which, from its hiriiiu' 
narrow and somewhat tortuuus, might lead to the suppositi«.«n 
that no hea^"y waves wouLl reach its up^per end. I have been 
informed, however, that waves of verv considerable height 
do strike the pier of Inverarv, and are occasionally fuund 
troublesome to the small steamer which crosses the .St. 
Catherines Ferr}*. From the mountainous cliaracter of the 
countiy, it is probable that when a strong gale blows, it suc- 
cessively alters its direction with that of the valleys, so as in 
a great measure to counteract the effects of the aindiivj of 
the loch 

Expandin/f CJianjuh. — On the other hand, where the chan- 
nel enlarges, the height of the waves is decreased. CKiiguure 
Bay, on the northern shore of the Island of ^IiUl, lies at the 
eastern end of the Sound of Mull, and has a line of maximum 
exposure extending for about 25 miles up Loch Lynnhe. As 
the water is deep, this circumstance would lead us, though 
the channel is no doubt narrow, to expect from the formula 
that waves approaching eight feet in height would break upon 
the shoie at Craignure, but I doubt whether they ever attain 

D 
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nearly such a magnitude. The tides may perhaps have some 
effect in reducing their height ; but if we consider the geo- 
graphical configuration, we shall find that there are other 
causes to account for the reduction of height At the southern 
termination of Loch Lynnhe, where Craignure lies, the channel 
is bifurcated, one branch leading southwards between the 
Islands of Lismore and Mull, and the other leading north- 
wards through the Sound of Mull. When, therefore, waves 
which are generated in the long fetch of Loch Lynnhe reach 
the southern end of Lismore Island, they lose their height by 
expanding to the south round Lismore, to the north into the 
Sound of Mull, and to the west into Craignure Bay. It will 
be seen from the subjoined register, how small a height the 
waves attained during the time specified, extending from 
September till February of the years 1853-54. 



Height of Waves at Craignure, when wind blew down Loch 

Lynnhe. 



1863, 


Sept. 


25. 


Oct. 


6. 


** 


11. 


»» 


12. 


Dec. 


6. 


»» 


13. 


>» 


14. 


>» 


15. 


»» 


20. 


)» 


2t). 


II 


27. 



Gale 

Very stroDg 
MoJenite ... 

Light 

Light 

Strong 

Fresh 

Moderate ... 

Liglit 

Fresh 

Moderate ... 



Ft. in. 
2 8 



' 2 

1! 

I 

i } 

I 

1 



2 

9 
5 
4 
4 
8 
1 



10 
6 



1863, 


Dec. 


28. 


>i 


30. 


>» 


31. 


185 


4, 


Jan. 


4. 


II 


6. 


11 


6. 


II 


8. 


II 


9. 


II 


10. i 

1 

1 





Ft 


in. 


Moderate ... 





9 


Fresh gale... 


2 





Do. 


1 


5 


Fresh 


1 
1 



9 


Strong 


Moderate . . . 


1 





Strong 


2 


4 


M oderate . . . 


1 


4 


Moilcrate ... 





10 



Propagation of Gro^ind-swell in Narrow Channels, — ^At 
Dunoon, in the Firth of Clyde, the ground-swell, after coming 
through the narrow passage at the Cumbraes, is still from 
7 to 9 feet high. It therefore passes through a neck of only 
IJ mile broad, and is propagated through a channel IJ mile 
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broad for a distance of 14 miles when there is no tvind ; it 
even reaches Gourock and Greenock after turning through 
more than a right angle, and after losing height by divergence 
into several capacious lochs. The ground-swell at the Fii-th of 
Forth passes above Qucensferry, which is about -^ of a mile 
broad, and is upwards of 30 miles from the mouth of the Firth. 

Direction of the general Coast Line in relation to tJie Line 
of Exposure. — In 1857 I issued a series of queries among 
fishermen and others at various paits of the coast of Scotland, 
as to the direction from wliich the heaviest seas come upon 
the coast. Though there are some apparent anomalies, the 
general result derived from the statements of nearly 300 
fishermen and others is, that at the distance of IJ mile sea- 
ward of the coast line, the heaviest waves come in the direction 
of the longest fetch, which goes to corroborate the supposi- 
tion that gales frequently act over large extents of water. On 
the shore, however, the force is much modified by the angle 
formed by the coast with the line of maximum exposure. On 
the east coast it was found that, at about li mile off the shore, 
the north-east is generally the worst direction ; but for that 
part of the coast which extends from the Tay to Aberdeen, 
the south-east waves generally break heaviest upon the shore. 
This arises from the small angle wliich the north-east bearing 
makes with the land at this part of the coast. The most ex- 
posed coasts may therefore he regarded^ civteris paribus, <w those 
on which the waves generated in the line of maximum exposure 
come dead'On upon the shore. 

Length and Velocity of Waves. — The longest distance apart, 
from crest to crest, of the Atlantic waves observed by Scoresby 
was 790 feet.* His other results are as under : - 

* Life of William Scoresby by Dr. Scoresby Jackson. Ix>n(ioxi, 1861, pp. 
159 and 324. 
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Altitude, 43 feet 

Mean distance between waves, 559 feet 
Interval of time between each wave, IG seconds. 
Velocity of each wave per hour, 32J miles. 

The following were observed by ^Ir. Douglas at the Bishop 
Rock, on whose authority they are stated : — 

8 feet waves, 35 in a mile, 171 feet apart 8 per min. 
15 „ „ 5it 6 do., 1200 & 1000 ft do. 5 „ 
20 „ „ 3 do., 2000 feet do. 4 „ 

The late Mr. Mackintosh, liglitkeeper at the Calf of ilan, 
in the Irish Sea, informed me that he had, on three different 
occasions, counted 13 i waves between the Calf of Man and 
the Chickens Rock. This distance gives about 490 feet as 
the length of the waves in this comiDamtively landlocked 
branch of the ocean. 






CHAPTER IV. 

FORCE OF TUE WAVES. 

Force in small bodies of Water — Remarkable destructive Effects at Wlialsey 
Skerries in Shetland — Extraordinary Force at Wick Breakwater — Marine 
Dynamometer — Formula — Other forms of Dynamometer — Forces indi- 
cated by Dynamometer — Relative Force of Summer and Winter Gales — 
Greatest recorded Force in the Atlantic and German Oceans — Forces ex- 
erted at different Levels — Proofs of the Accuracy of Results of Dynamometer 
— Inadequate Ideas as to Force of Waves — Answer to Objection to Results 
— Answ^er to Objection of referring Results to a statical Value — Con- 
centrated Action produced by all Waves in breaking. 

Smeaton, when referring to the propriety of using joggles in 
the masonry of the Eddystone Lighthouse, says — " When we 
have to do with, and to endeavour to control, those powers of 
nature that are subject to no calculation, I trust it will be 
deemed prudent not to omit in such a case anything that can 
without difficulty be applied, and that would be likely to add 
to the security." This statement of our greatest marine 
engineer indicates the propriety of carefully collecting any 
facts that may help us to a more accurate estimation of those 
forces which he regarded as being " subject to no calctdation" 
We shall therefore state a few facts which have been recorded 
of the destructive power of the waves both in small bodies of 
water and in the open ocean. 

Inland Lochs, — At Port Sonachan, in Loch Awe, where the 
fetch is under 14 miles of fresh water, a stone weighing a 
quarter of a ton was torn out of the masonry of the landing-slip 
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and overturned, ilr. D. Stevenson, in his Engineering of North 
A mcrica, describes the harbours in Lake Erie as reminding him 
of tliose on our sea-girt shores, and mentions haWng seen at the 
harbour of Buffalo one stone, weighing upwards of half a ton, 
which had been torn out of its bed, moved several feet, and 
turned upside down. At the Bishop Rock lighthouse, a bell was 
broken from its attachments at the level of 100 feet above the 
high-water mark during a gale in the winter of I860,* and at 
Unst, the most northern of the Zetland Islands, a door was 
broken open at a height of 195 feet above the sea To these facts 
it may be added, that I know, from the testimony of an eye- 
witness, of a block of 50 tons* weight being moved by the sea at 
Barrahead, one of the Hebrides. 

RemarJcaUc Destructive Effects at Whcdsey Skerries. — But 
still more extraordinary effects have been observed at Whalsey, 
in Zetland, where heavy blocks of rock have been quarried, or 
broken out of their beds in situ on the top of the Boimd Skerry, 
at a great elevation above the sea. Though there are probably 
few places where the waves are so ^aolent and dangerous as 
at AVhalsey, still it is well for the reader to be able to recognise 
the characteristic appearances of similar dangerous localities ; 
and to be put on his guard by a description of the place and the 
phenomena which it presents ; for it must be distinctly under- 
stood that in such x^laces tlic ordinary methods of construction 
cannot he applied. 

The Bound Skerry is the most east<?rn of the Shetland 
group. It consists of quartz rock, forming a part of the gneiss 
strata, which are here permeated to a considerable extent by 
" dries " or seams, and, with the exception of a species of lichen 
that grows on the higher parts, little or no vegetation is to be 
seen on its surface, although it attains at one point an elevation 

* Nautical Magazine, vol. xzxi. p. 262. 
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of 80 feet above high-water, and about 86 feet above low-water 
spring tides. The specific gravity of the rock was found to be 
2.698, or about 13.3 cubic feet to the ton. The calculations 
of the weights of the blocks that were moved I have taken, 
however, at 14 feet to the ton, in order to be fully within the 
mark. The accompanymg sections, Figs. 7, 8, were made with 
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the spirit-level, and represent elevations of the skerry in the 
north-eastern and south-western directions, which are the most 
exposed. It must not, however, be supposed that there is any 
approach to uniformity of contour, even at places which are 
very near to each other. The whole island, indeed, forms 
one of the most rugged and irregular rocks that can well be 
imagined. 

In 1852, when landing for the first time upon this skerry, 
in order to fix upon the best site for a lighthouse, my attention 
was speedily attracted by some unmistakable indications of 
a violent destructive agency which seemed to have been lately 
at work upon the hard rock of which it consists. These were, 
the presence of loose blocks of a very large size, which had 
been detached from the adjoining strata. The only visible 
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agent was the ocean, tlie unruffled surface of which appeared 
far below the place where I stood — not less, indeed, than 70 
feet, as the levels afterwards proved. Under circumstances so 
unlikely, it will not appear strange that I did not readily per- 
suade myself that the sea was really the agent of destruction. 
But, after wandering for an hour or more over the surface of 
this rugged islet, it was impossible any longer to doubt that 
the remarkable effects which I had noticed were due to the 
sea alone. I landed on the Bound Skerry with what I thought 
tolerably certain and definite conceptions, not hastily adopted, 
but the result of nearly twenty years* study of the action of 
the waves at different parts of the coasts of Britain ; but I 
came away with gi'eatly altered views. In order to satisiy 
myself fully as to the matter, I proceeded to the adjoining 
islands of Gruna and Brury, where at almost every step similar 
proofs of violent action presented themselves. At Brury, for 
example, the ground was covered with large recently moved 
blocks, at an elevation of 45 feet above high-water. 

To return, however, to the Bound Skeny, it may be 
stated tliat a considerable portion of the rock which con- 
fronts the south-eastern round to the north-eastern seas is 
in a state of rapid disintegration. On the south-east 
side, about 370 feet from the low- water mark, and at a 
height of 62J feet above its level, there occurs a re- 
markable beach of angular blocks varying in size fix)m 
about 9 J tons downwards, and huddled together just as 
one would have expected to find, had they been elevated 
only a few feet above the high-water level. This beach of 
stones appears in the sections, at a, Figs. 7 and 8. A 
little farther seawards was found a detached block of 19.5 
tons. 

Towards the north-east, at the level of 72 feet above 
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the sea, in addition to many smaller blocks which had 
evidently been recently detached, there was one 5 J tons 
in weight (&, Kg. 9). It presented the appearance of 





Fig. 9. 

recent detachment, having a fresh unweathered look Within 
20 feet of the spot where it lay, there was a comparatively 
recently-formed void in the rock, which, upon examination 
and comparison by measurement, was found to suit exactly the 
detached block. Here, then, was a phenomenon so remarkable 
as almost to stagger belief — a mass of 5 J tons not only moved 
but actually quarried from its position in situ at a level of 72 
feet above high-water spring tides. But higher up still there 
was another detached rock (Fig. 10), weighing no less than 13^ 





Elevation. 



Fig. IQ. 



Plan. 



tons, tilted up in a peculiar position, and underneath which 
numerous angular masses had been wedged, obviously by 
aqueous action. This great block (Fig. 10) was, however, 
unlike the one first described, in bearing no traces of recent 
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displacement. Though covered with lichen, and apparenUy 
long undisturbed, yet there can be no doubt that it too had 
been separated from the parent cliff, and been tilted up into 
the position which it now occupies by no other agency than 
that of the sea, the high-water margin of which is U feet 
below it. 

Some persons have suggested that these effects, which 
must have been the result of an enormous mechanical power, 
might have been produced by artificial means or by lightning. 
These explanations, however, are altogether untenable ; for, 
without touching upon other objections that might be urged 
against such h3rpotheses, the wide-spread and frequent re- 
currence of similar, though not quite so remarkable appear- 
ances on the adjoining islands, furnishes, to any one who will 
spend a day in exploring the rocks at Whalsey, abundant 
proofs that such explanations are quite insufficient. In order, 
however, to remove as far as possible any doubts that may 
exist as to the waves having been the sole cause of these 
destructive effects, I shall describe a block which was dis- 
covered on a lower rock on the south-east side of the skeny. 
This mass of 7^ tons, represented in Fig. 11, rested upon rugged 
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peaks of rock at the level of 20 feet above the sea. That it 
had been very recently detached, no one who saw it could for 
a moment have a doubt It was wedged against a high 
ledge of the skerry ; and that it had been driven against this 
obstacle with great violence was proved by the fact that both 
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the block itself and the rock in situ were smashed and 
splintered at the point of contact. All its nittrj,'inB were 
scored and broken, just as might have been expected fram its 
eacceasive contact with the different ledges of rock over which 
it had been moved. The original position in situ, b, from 
which it had been detachetl, is shown by dotted lines. It was 
easy to trace the course which it had taken, as there were 
everywhere visible unmistakable marks of the violence with 
which it had been driven along its rocky path, which was of 
the most irregular description, presenting abrupt and almost 
vertical faces of from 2 to 7 feet in height. At the distance 
of 11 feet from the block lay loose fragments, one of which 
required three men to lift, and which was found to fit exactly 
into a void in the large block. The original position in situ 
was 73 feet distant in a south-south-east direction, and the 
void was found to agree in every respect with the travelled 
block, both in shape and dimensions. The gale which 
detached this mass was thus proved to have been from the 
south-south- east, and the maximum length of "/etch " cor- 
responding to this direction is about 500 miles. 

The fact that a block of nearly 8 tons had been torn up 
and driven before the waves at the level of 20 feet above the 
Bea for a distance of 73 feet over such nigged ledges, is cer- 
tainly very remarkable, though it cannot compete with the 
instances formerly mentioned, where the masses were from 6 
to 13 tons in weight, and had been forced from their original 
beds at places which are from 70 to 75 feet above the sea. 
This less remarkable fact is adduced merely with the view of 
supplying a link in the chain of evidence which connects the 

Iaea with the movement of the larger blocks at the higher level 
Mr. D. Stevenson has since found similar, though not such re- 
markable appearances, on other islands on the north-east of 



44 FORCE OF THE WAVES. 

Shetland, which led him to the conclusion that these violent 
efiects are generally characteristic of those seas. My last visit 
to Whalsey having been fortunately made in company with 
the late Sir Eoderick Murchison, I very willingly add the 
testimony of so distinguished a geologist. He says * — " Mr. 
Stevenson here '* (at Bound Skerry) " called my attention to 
the manifest proofs of the remarkable power of the sea-waves 
when lashing upon this exposed spot in great storms. The 
seaward or north-eastern face of the gneissose rocks sloping 
upwards, presents the most chaotic aspect, being covered with 
clusters of large angular blocks, one of the largest of these 
being at nearly 70 feet above the sea. Now, all of them have 
been torn out of their beds, and most of them moved up-liill 
for a considerable number of feet, to within a few yards of the 
base of the new lighthouse. For my own part, I was at first 
incredulous as to the mode of producing what my lamented 
friend, Leopold von Buch, would have called a true * Felsen 
Mecr ;' but when Mr. Stevenson brought the data before me, 
it was quite evident that the sea had done it all. Thus, an 
inhabitant pointed out some of the chief blocks, several of 
them many tons' weight, which, in a great storm some years 
back, had been moved upwards on the incline 15 to 20 feet, 
to heights of 50 feet above the sea. Tliese, in their upward 
translation, had scored the rocks over which they passed, just 
as the stones held in a glacier groove and scratch in their 
descent ; and the freshness of the markings was quite striking. 
Not trusting to histories of the past, and for a moment 
doubting even the clear evidence offered by the scoring of the 
rugged subjacent rocks, I interrogated an intelligent under- 
ofiBcer of the lighthouse, who had been two years on the spot, 
and ascertained that, even in the preceding winter, and when 

• Quarterly Journal of the Geo. Soc. of Loudon, 1859, vol. xv. p. 392. 
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the new lighthouse was in course of construction, a huge mass 
of stone near the sea-level, of which he showed the very bed 
out of which it had been lifted, had been wrenched out of it, 
and moved up an incline of 10° or 12° to a distance of IG feet ! 
and with this proof all scei)ticisni vanished." 

Extraordinary Force of the Sea at Wick Breakwater, — When 
we wish to ascertain what is the greatest feat that has been 
achieved by the waves, we naturally look to the ravages wliich 
are to be discovered in the rocky cliffs w^hich confront the 
ocean. We should never expect to find examjiles of the de- 
velopment of the greatest force against the masonry of those 
artificial w^orks which form our ports and harbours. The 
enormous extent, and endless variety of exposure, of the shores 
of Britain, as compared with those of the few piers or break- 
waters erected here and there along the line of coast, make it 
to the last degree improbable that the maximum results should 
be found anywiiere else than among the rocks in situ on the 
shore. Accordingly the examples of the most violent wave- 
action which have just been mentioned, and which were all 
that were given in the first edition of this book, ai*e cases of 
the destruction or movement of dislocated natural rocks. This, 
however, no longer holds true. The most startling example 
now on record is that of an aitificial work. 

The harbour works at Wick, w4iich have been nine years in 
progress, were commenced in 1863, and consisted of blocks of 
from 5 to 10 tons, set on edge, first built above high-water neap 
tides with hydraulic lime, then with Eoman, and latterly with 
Portland, cement. Plate K"o. XI. shows the position and depth 
of water in wliich the breakwater is built. In October 18G4, 
300 feet of the contractor's staging were carried away ; and 
greenheart was afterwards substituted for memel piles. The 
depth under low-water springs in which the first por- 
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tion of the wall was founded was 12 feet^ in conformity 
with universal practice ; but 18 feet was afterwards adopted, 
which was a fortunate precaution, for in 1868 the rubble was 
washed down to 15 feet below low-water^ and serious damage 
occurred to a part of the superstructure. In 1870 a length of 
380 feet (about J of the whole) was destroyed. In February 
1872, after the superstructure had been rebuilt solid, with 
Portland cement^ a new species of damage took place, the fetce- 
stones being in many places shattered by the sea, which is all 
the more remarkable from the fact that the blocks were of 
the same density as granite, and of a strength three times 
greater than that of Craigleith stone — a phenomenon, indeed, 
unparalleled in the history of sea works. Lastly, in December 
1872, the greatest proof of force was manifested, and is thus 
given in the words of a report by Messrs. Stevenson : — ^ The 
(seaward) end of the work, as has been explained, was pro- 
tected by a mass of cement rubble work. It was composed of 
three courses of large blocks of 80 to 100 tons, which were de- 
posited as a foundation (in a trench made) in the rubble. Above 
this foundation there were three courses of large stones carefully 
set in cement,and the whole was surmounted byalargemonolith 
of cement rubble measuring about 26 feet by 45 feet, by 11 feet 
in thickness, weighing upwards of 800 tons. This block was 
built in situ. As a further precaution, iron rods, 3J inches 
diameter, were fixed in the uppermost of the foundation courses 
of cement rubble. These rods were carried through the courses 
of stone work by holes cut in the stone, and were finally em- 
bedded in the monolithic mass which foi-med the upper por- 
tion of the pier. The arrangements we have described will 
perhaps be best imderstood by the accompanying sketch, Plate 
XI. Fig. 2. Incredible as it may seem, this huge mass suc- 
cumbed to the force of the waves, and Mr. M'Donald, the 
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resident engineer, actually saw it from the adjacent cliff being 
gradually "slewed" round by successive strokes until it was 
finally removed, and deposited inside of the pier. It was not 
for some days after that any examination could bo made of 
this singular pheuomenon, but the result of the examination 
only gave rise to incrsased amazement at the feat which the 
waves had achieved. It was found on examination by diving 
that the 800-ton monolith forming the itpirer portion of the 
pier, which the resident engineer had seen in the act of being 
washed away, had carried with it the whole of the lower 
courses which were attached to it by the iron bolts, and that 
this enormous mass, weighing not less than 1350 tons, hod 
been removed en masse, and was resting tntire on the rubble 
at the side of the pier, having sustained no damage but a 
alight fracture at the edges, A further examination also dis- 
closed the fact that the lower or foundation course of 80-ton 
blocks, which were laid on the rabble, retained their positions 
unmoved. The second course of cement blocks, on which the 
1350 tons rested, had been swept off after being relieved from 
the superincumbent weight, and some of them were found 
entire near the head of the breakwater, The removal of this 
protection left the end of the work open, and the storm, which 
continued to rage for some days after the destruction of the 
cement rubble defence, carried away about 150 feet of the 
masonry (l-7th of the whole), whioh had been built solid and 
:iet in cement Tlie same remarkable feature of fonner 
.rnage was strikingly apparent in tlie last damage — tlie 
•.ndations, even to ike outer extremUy of t/ie work, remaining 
njurtd." 

Plate XII. is a photographic view of the breaking waves, 
litaken after the strength of the storm had passed, and for 
use of which I am indebted to the kindness of Mr. 
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A. Johnston of Wick, by whom the original photograph was 
made. 

Marine Dynamometer. — The value and importance of 
ascertaining, by direct experiments, the actual force of the 
waves expressed in pounds per square foot^ or some other 
measure, either statical or dynamical, will readily be ad- 
mitted. It will, however, require many years' observations 
before we can expect to have certain information on such a 
subject, or be enabled to apply the results with confidence in 
determining the safe limits of construction for marine works. 
With a view to forward the investigation, the results may be 
given of some observations which commenced in 1842, at 
Little Eoss Island, off Kirkcudbrightshire, and a detailed ac- 
count of some of which will be found in the Edinburgh Trans- 
actions* These observations were made with the marine 
dynamometer, a simple self-registering instrument which I 
designed for the purpose. 

As there is no contest to which the old proverb "/tw est ah 
Jwste doceri" is more applicable than in opposing the surges 
of the ocean, it may be proper to give such a description 
of the dynamometer as will enable any one to have it made. 

D E F D is a cast-iron cylinder, which is firmly bolted 
at the projecting flanges, G, to the rock where the experi- 
ments are to be made. This cylinder has a circular flange at 
D. L is a door which is opened when the observation is to 
be read off. A is a circular disc on which the waves 
impinge. Fastened to the disc are four guide rods B, which 
pass through a circular plate C (which is screwed down to 
the flange D), and also through Iioles in the bottom of the 
cylinder E E. Within the cylinder there is attaclied to the 
plate C a very strong steel spring, to the other or free end of 

* Trans. Roy. Soc. Edin., vol xvi. part i. p. 84. 
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which is fastened tlie small circular plate K, which again is 
secured to the guide rods B. There are also rings of leather, T, 




r: 



which slide on the guide rods, and serve aa indices for regis- 
tering how far the rods have been pushed through the holes 
in the bottom EF, oi', in other words, how far the spring has 
teen drawn out by the action of the waves against the disc A. 

The following formula will be found convenient in the 

luation of the instrument : — 

W := weight stated in tons, which is found by experi- 
ment to produce a given amount of yielding of the spring. 
D = number of inches yielded by the spring with weight 
"W. a = area of the disc in square feet, d = the length in 
inches on the proposed scale, corresponding to a force of one 
ton per square foot acting on the disc. 

.= ^" 

W 

The different discs employed in the observations referred 
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to, were from 3 to 9 inches diameter, but generally 6 inches, 
and the strength of the springs varied from about 10 lbs. to 
about 50 lbs. for every J inch of elongation, and the instru- 
ments varied in length from 14 inches to 3 feet. Their re- 
spective indications were afterwards reduced to a value per 
square foot The instrument was generally placed so as to be 
immersed at about jths tide, and in such situations as would 
afford a considerable depth of water. It is not desirable to 
select a site on a much lower level, as it has not unfrequently 
happened, during a gale, that for days together no one could ap- 
proach the dynamonjeter to read off the result and readjust the 
indices to zero. It must, at the same time, be remarked, that 
it is in most situations almost impossible to receive the force 
unimpaired, as the waves are so often more or less broken by 
hidden rocks or shoal ground before they reach the instrument 

Other forrtis of Dynamometer. — The instrument which has 
been described is probably the most convenient that can be 
adopted, but I have referred in the JSdinburgh Transactions to 
other methods which might in some cases be found more 
suitable.* For example, the impulse of each wave could be 
not^jd at such a situation as the Bell Rock or Eddystone 
Liglithouse by conducting a column of water or air into the 
interior of the tower. The force of each wave as it struck the 
building would thus at once be shown either by the rise of 
the water column, or, if air were used, by means of an attached 
gauge which woiJd show the same result in atmospheres by 
compression. Tlie indications of any kind of dynamometer 
could also be transmitted by wires to some convenient distance, 
and thus the impulse of every wave could be separately 
recorded. 

Fm'ces indicated hy iJie Dynamometer. — 'With instruments 

• Trans. Roy. Soc. Edin. vol. xvi. part i. 
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of the kind shown in Fig. 12, the following series of observa- 
tions, commencing in 1843, were made on the Atlantic, at 
the Skerryvore, and neighbouring rocks, lying ofif the island 
of Tyree, Argyllshire ; and in 1844 a series of similar obser- 
vations was begun on the German Ocean, at the Bell Eock. 

Eeferring for more full information to the tables of obser- 
vations which are given in the Edinburgh TraiisdctionSj it will 
be sufficient here to state generally the results obtained, which 
were as follows : only premising that the values refer to areas 
of limited extent, and are applicable therefore only to the piece" 
meal destruction of masonry, and must not be held as applic- 
able to large surfaces of masonry. 

Bdaiive Force of Summer and Winter Gales. — In the Atlantic 
Ocean, at the Skerryvore rocks, and at the neighbouring island 
of Tyree, the average of the results that were registered for 
five of the summer months during the years 1843 and 1844 
was 611 lbs. per square foot* = 0.27 tons. The average 
results for six of the winter months (1843 and 1844) was 
2086 lbs. = 0.93 tons per square foot, or more than three 
times as (jreaJt as in the sfitmmer montlis, 

Ch'eatest recorded Forces in the Atlantic and German Ocean, — 
The (jreaicst result obtained at Sken'j^ore was during the 
heavy westerly gale of 29th March 1845, when a force of 
6083 lbs., or nearly three tons, per square foot, on the surface 
exposed was registered. The next highest was 5323 lbs. 

In the German Ocean, the greatest result obtained at the 
Bell Eock on the surface exposed was at the rate of 3013 lbs. 
per square foot. But subsequent and much more extended 
observations at Dunbar, in the county of East Lothian, gave 
3 J tons ; while, at i\\Q harbour works of Buckie, on the coast 
of Banffshire, the highest result of obsei^vations, extending 
over a period of several years, was three tons per square foot. 
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Forces exerted at different Levels. — An exposed part of the 
Skerryvore rock was also chosen, on which two instruments 
were fixed, the one (No. I.) several feet lower, and about 40 
feet seaward of the other (No. II.) It was observed that 
about half-flood the force of the waves was a good deal 
expended before they reached the spot where No. L was 







Kn nf 


Pressure in lbs. 


Date. 


Remarks. 


Instrument. 


per 
Square Foot 


1845, 








Jan. 7. 


Heavy Sea. 


I. 


1714 


» » 


>» 


TT. 


4182 


„ 12. 


Very heavy swell 


L 


2856 


w » 


» » 


n. 


5032 


„ 16. 


Heavy groimd-swelL 


I. 


2856 


W » 


» » 


XL 


4752 


„ 22. 


A good deal of sea. 


I. 


2856 


n » 


» » 


XL 


5323 


„ 28. 


Heaw ground -swell. 


L 


2627 


>» » 


» » 


XL 


4562 


Feb. 5. 


Fresh gales. 


I. 


856 


» » 


iy 


XL 


3042 


„ 21. 


» 


L 


1827 


» » 
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TT. 


3422 


„ 24. 


Fresh breezes. 


X. 


1256 


n » 


>» 


XL 


3802 


March 9. 


Ground-swell. 


L 


1256 


w » 


j Waves supposed about 10 ) 
( feet high. j 


XL 


3041 


„ 11. 


Short sea. 


X. 


1028 


» 24. 


Heavy sea. 


L 


2281 


» » 


J Waves supposed about 20 ) 
( feet high. J 


XX. 


4562 


„ 26. 


Swell. 


X. 


1256 


» » 


Waves about 6 feet high. 
' Strong gale, with heavy ' 


XL 


3041 




sea, the highest waves 


X. 


2856 


„ 29. 


supposed 20 feet high, J- 








and the spray rose 


XL 


6083 




about 70 feet. 
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placed, from there being so little water on the rocks outside. 
Whereas, when the tide was higher, the waves were, from the 
greater depth of water, not so much broken when they reached 
No. II. The results show generally about twice the force at 
No. II. as at No. L ; a fact which proves how important it 
would be to ascertain the relative forces of the waves at 
different levels upon our breakwaters and other sea works. 

The observations at Dunbar and Buckie prove that the 
sea may exert a force so great as 3J tons over the limited ex- 
tent of surface presented hy tJie discs, and that the force varies 
much with the level at which the instruments are fixed. 
These results are given, however, not as ultimate data for 
calculation, but simply as determining the fact that the sea 
has been known to exert a force equivalent to a pressure of 
3J tons per square foot, however irntch viore. There can be 
no doubt that results higher than these may yet be obtained, 
"Were the observations sufficiently multiplied, we should soon 
obtain data which would be highly useful in practice, as they 
woidd, by reference to existing sea works, show what sizes of 
stones were necessary for resisting any given force that was 
indicated by the dynamometer. 

Proofs of the Accuracy of the Results of tlie DynaTnometer. — 
The greatness of the forces recorded by the dynamometer has 
led some to express doubts as to the accuracy of the results. 
This is not to be wondered at, for prior to these observations 
very erroneous ideas were entertained of the impulsive force 
of the sea. Sir Samuel Brown, for example, in his arguments 
for adopting bronze lighthouses* takes the force "on each 
cylindrical foot column,'* at only 80 lbs. Captain Taylor, in 

• Description of a Bronze or Cast-iron Colnmnal Lighthouse designed for the 
Wolf Rock or the Skerryvore, by Sam. Brown, Esq., R.N., K.H. : Edinburgh, 
1836, p. 14. 
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advocating Yiis propose plan for fioadng harboms of Tefnge»* 
allows a pressure of 144 lb& per square foot, and Minard 
seems t«? oalcolate on only 70 Ib& per square foot 

The doubts that have been expressed were based on the 
assumptioQ that the action of the waves is the same as the 
impact of a hard body : and on the objection to expressing a 
dynamical force by a statical Milue. Three classes of pheno- 
mena» essentially different from each other, may be referred 
to as proofs that if the indications of the dynamometer do not 
represent the force actually exerted, the error must be in defect 
and certainly not in excess^ These are — 1st, The displacement 
of heavy bodies^ pro<:>fs of which have already been givaoL ; 2d, 
the elevation of spray ; and 3d, the fracture of materials of 
known strength. The elevation of the spray, at the Eddystone, 
the Bishops, and the Bell Kock Lighthouses, is well known. 
In November 1827, during a ground-swell, without wind, the 
water rose to the gilded ball on the top of the Bell Bock 
lantern, which is 117 feet above the rock, and as the tide on 
that day rose 11 feet on the tower, this leaves 106 feet as the 
height of elevation. On the same day a ladder was broken 
from its attachment to the balcony at an elevation of 86 feet, 
and washed round to the other side. It therefore follows that 
there is a force in action at the foot of the Bell Bock tower 
competent during ground-swells, when ilure is no wind, to 
project a column of water to the height of 106 feet, which, 
af:cording to the laws of hydrodynamics, is due to a pressure 
of vr^ry nearly 3 tons per square foot, — whereas the greatest 
force recorded by the dynamometer at this place was only 
IJ tf)n. 

JieaniH of Memel timber, called Booms {xide Chap. VIII.), 

• rinri« for lli« Fonnation of Harbours of Refuge, by Captain T. N. Taylor, 
U.N., VM. : ^lymouU^ 1840, p. 7. 



FOBOE OF THE WAVES. 55 

which are used at Hynish Harbour, Argyllshire, for keeping the 
sea out of a small tide basin, have been very frequently broken 
by the waves. They were 20 feet long between the supports, 
and 12 inches square. Within six years after the harbour was 
completed, and at different dates, seven of them were broken, 
though they were of perfectly sound quality. Ea6h of these 
logs would resist fracture though uniformly loaded with a 
weight of 30 tons, so that the sea at Hynish must, on seven 
different occasions, have exerted a force on each boom which * 
may justly be compared to a dead weight of 30 tons imiformly 
distributed over the logs. Dynamometric observations were 
made at Hynish for a considerable time, and the highest result 
recorded at that place was 1^ ton per square foot, whilst the 
pressure required to break the booms must have been at least 
1^ ton per foot of surface exposed. At Pulteneytown Harbour 
works, which will be afterwards referred to, both Memel and 
Greenheart logs, placed vertically in the sea, were found alto- 
gether insufficient for the contractor's staging, having been 
invariably broken near the level of' high water. For the 
satisfaction, however, of any who may still have doubts 
as to the action of this instrument, the following Table is 
added, which contains simultaneous observations made at 
Skerryvore with three dynamometers, having not only discs 
of very different areas but springs of very different powers, 
and yet the results are almost identical : — 
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TABLE of OBSEEVATIONS made at Skerryvore Eocks, and 
also at the Island of Tyrii, with three Djmamometers, 
having springs of different strength, and discs of different 
sizes, fixed parallel and close to each other : — 



Dates. 


Lbs. to a 
Square Foot. 


Dates. 


Llw. to a 
Square Foot. 


Dates. 


LIm. to a 
Square Foot 


1844, 




1844, 




1844, 




Jan. 16 


428 


Mar. 4 
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April 16 
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„ 24 


1284 
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99 »> 
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685 
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481 


f> >> 


2086 
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^ ««o 


)> t> 


399 


»» 11 


321 


" "1 


„ 27 


321 


» H 


571 


>» 11 
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>) If 


321 


»» »i 


535 


11 30 
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>f >t 
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„ 16 


571 


>' 11 


241 


Mar. 4 
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Note. — The two marked thus * were too weak, as the leathers were found 
flattened, and one of the instruments was broken, and was not repaired till 
the 15th February. 



ITic means of the above nine observations, which were made 
with only two instruments^ are 433 lbs. and 415 lbs. respec- 
tively. 
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Hic means of the above eighteen observations^ which were 
made with three instruments, are 1247 lbs,, 1183 Jhs., and 1000 
lbs. respectively, 

Ansiocr to the Objection that the Action of the Waves is the 
sam^ as the Impact of a Hard Body, — Now the same force, 
supposing the waves to act like the impact of a hard body, 
would, in the marine dynamometer, assume very different 
statical values, according to the spaces in which that force 
was expended or developed, so that with the same force of 
impact, the indications of a weak spring would be less than 
that of a stronger. This appears from the annexed Table, 
which contains results of a few experiments in which the 
springs were tested dynamically by the impact of a cannon- 
ball dropped from a given height upon the disc of each 
instrument, which was fixed vertically in a framework of 
timber, with the disc uppermost. It will be seen from the 
Table, as was to have been expected, that within the limits of 
the experiments there was for each spring a different ratio be- 
tween the value registered by the leather index and the calcu- 
lated momentum of the falling body. If the waves acted by a 
sudden finite impact like the cannon-ball, we should not have 
found such hannony between the results of springs of different 
strength as appears in the Table of Observations at Skerryvore. 
The action of a wave, therefore, is not momentary, as in the case 
of a solid, but is continuous during the period that the disc is 
immersed in the passing wave. In short, to make the cases 
analogous, a continuous succession of cannon-balls should fall 
on the disc. 
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TABLE representing Experiments made on the impact of a 
Cannon-Bail upon Dynamometers having springs of differ- 
ent strengths. 



Large Dynamometer. Strength of spring 462.24 Iba. per inch of elonga- 
tion. Falling weight 32.5 lbs. 


1 

Height ftOlen 

throng by 

Cannon-Ball, 

in Feet. 

or A. 


2 

Spring 

elongated In 

Inches, 

e. 


3 

Calculated 

Velocity at 

impact in feet 

per second. 


4 

Calculated 
Momentum. 


6 

Registered 
FreMure. 


6 

Registered 
Pressure. 

-f- 
Momentum. 


0.6 
1.0 
1.6 
2.0 


0.876 
1.26 
1.6 
1.686 

1 


6.67 

8.02 

9.83 

11.36 


184.3 
260.7 
316.6 
368.9 


404.6 
677.8 
693.4 
779.4 

Mean 


2.195 
2.216 
2.191 
2.113 

2.179 


SmaU Dynamometer. 


Strength of spring 166 lbs. per inch of elongation. 
Falling weight 32.6 lbs. 


1 

0.6 
1.0 


2 

1.6 
2.0 


3 

6.67 
8.02 


4 

184.3 
260.7 


6 

234 
312 

Mean 


6 

1.270 
1.197 

1.233 



Hence it follows that within the limits of the experi- ) Registered Pressure 



ments the momentum with the strong spring = . 
Whereas with the weak spring the momentum = 



2.179 

} Registered Pressure 
1.233 



Answer to the Objection to re/erring the Results of a 
Dynamical Force to a Statical Value. — The objection which 
has been raised against any statical valuation of the 
dynamical effect of the waves falls to the ground when 
we remember that in all sea works we oppose the dynami- 
cal action of the sea by the dead weight or inertia of the 
masonry, so that the dynamometer furnishes exactly the 
kind of information wliich the engineer requires. 
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Concentrated Action produced hy all breaking Waves, — ^Al- 
though the height of a jet of water will be increased if the ob- 
stacle be of a converging form, yet any plane veilical barrier will 
produce a high jet, for we see it in every sea-wall, and with 
all conceivable configurations of bottom. The phenomenon is 
indeed far too common to admit the supposition of its being 
occasioned by any re-entrant angle in the bottom, but is pro- 
bably due to the manner in which a breaking wave collapses or 
curls over upon itself. From observations which I repeatedly 
made on the shores of the Mediterranean, at a place where the 
beach, which was gravelly, presented a uniform profile, the 
waves in breaking were found to converge very symmetrically, 
and although there was no obstacle but the beach, the spray was 
invariably raised much higher than the level of the crest of the 
unbroken wave. This peculiar change of form, which is com- 
mon to all breaking waves, destroys the parallelism which may 
have previously existed among any of the moving filaments of 
fluid, and converges them towards a horizontal axial line, so 
that the particles at and near such line are driven upwards not 
only with their own original velocity, but with an increased 
velocity due to the proportion subsisting between the niunber 
of particles that are raised, and the greater number of particles 
that are finally stopped. 

Some measurements of the height of spray against sea- 
walls will be foimd in a subsequent chapter. 

The following Table, by the late Professor Eankine,* gives 
examples of heights in feet due to velocities in feet per second 
as computed by the equation — 

Height in feet = v^ -r- 64.4. 

* A Manual of Civil Engineering, by W. J. Macquom Rankine, p. 676 : 
Lond. 1862. 
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It is exact for latitude 54|**, and near enough to exactness 
for practical purposes in all latitudes 



V. 


Height 


V. 

17 


Height. 


V. 


Height. 


V. 


Height. 


V. 


Height 


1 


.015628 


4.4875 


32-2 


16.100 


48 


35.776 


76 


89.688 


2 


.062111 


18 


6.0310 


33 


16.910 


49 


37.282 


78 


94.471 


3 


.18975 


19 


6.6055 


34 


17.950 


50 


38.819 


80 


99.377 


4 


.24844 


20 


6.2111 


35 


19.021 


62 


41.987 


82 


104.41 


5 


.88819 


21 


6.8477 


36 


20.124 


64 


46.279 


84 


109.66 


6 


.65900 


22 


7.5153 


37 


21.257 


66 


48.695 


86 


114.84 


7 


.76086 


23 


8.2141 


38 


22.422 


68 


52.236 


88 


120.25 


8 


.99377 


24 


8.9439 


39 


23.618 


60 


65.900 


90 


126.77 


9 


1.2577 


25 


9.7048 


40 


24.844 


62 


59.688 


92 


131.43 


10 


1.6528 


26 


10.497 


41 


26.102 


64 


63.601 


94 


137.20 


11 


1.8789 


27 


11.320 


42 


27.391 


64-4 


64.400 


96 


143.10 


12 


2.2360 


28 


12.174 


43 


28.711 


66 


67.639 


98 


149.18 


18 


2.6241 


29 


13.059 


44 


30.062 


68 


71.800 


100 


166.28 


14 


3.0434 


80 


13.975 


45 


31.444 


70 


76.086 






15 


3.4937 


31 


14.922 


46 


32.857 


72 


80.496 






16 


3.9751 


32 


15.900 


47 


34.301 


74 


86.029 







CHAPTEE V. 

CONDITIONS WHICH AFFECT THE FORCE OF WAVES. 

Tides somctiroes act as Breakwaters— Causes of Roosts or Races — ^Velocity of 
British Races — Bars of Rivers are miniature Races — Tides sometimes in- 
crease Surf on Shore — Time of Tide when Surf is heaviest — Damage by 
Waves in Deep Water — Unfinished Masonry makes Waves of Translation 
— ^Waves on Coasts affected by Tides — Relation between Height of Waves 
and Depths of Water — Depth regulates Height of Waves — Depth in which 
Waves break — ^Height of Waves above Mean LeveL 

Hie Tides in some cases act as Brcakivaters to the Shore, — ^At 
some parts of the coast the tides cause waves of an unusually 
dangerous character, while at others they are found to run 
down the sea. If a harbour work were situated in a race or 
rapid tide-way — such, for example, as those called " roosts " in 
Orkney and Shetland — ^the masonry would be exposed to the 
action of a very trying and dangerous high-cresting sea. As 
an instance, we may refer to Portpatrick in Wigtownshire, 
where the violence of the waves is, to a great extent, due to 
the rapidity of the tides. If, on the other hand, the race or 
roost runs in such a direction as to be entirely outside of the 
7uirho7cr and at some distance off, it will, while it lasts, have a de- 
cided tendency to shelter the works, by acting as a breakwater. 
It was proved by observations made specially for the purpose 
at Sumburgh Head in Shetland duiing a south-westerly storm, 
that so long as the Sumburgh Roost (one of the most formid- 
able in those seas, and more than 3 miles in width) was 
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cresting and breaking heavily, there was comparatively little 
surf on the shore ; but no sooner did the roost disappear to- 
wards higli water than a heavy sea rolled towards the land, 
rising on the cliffs to a great height. 

The lightkeeper at Sumburgh Head, in a letter to me, says, 
" Wo had a very severe gale from the south-west yesterday, 
and being the first gale we have had from that quarter since yon 
were hero, I paid particular attention to the state of the sea in 
the West Voe through the day. By daylight in the morning 
it was blowing very hard, with a most terribly heavy sea roU- 
ing into lice West Voc and breaking over tlie top of the banks, 
while loithwater lasted. But with regard to what you said to 
mo about the tide in the * roost ' acting as a breakwater to the 
Voo, your opinion is right, for during the last hours of flood* 
and the fii*st two hours of ebl^ tide in particular, a small 
boat could have gone till within a few yards of the roost between 
t/ic LiglUhouse ami tlie Horse Island, althatigh the sea %oa8 stiil 
in thr. same raging state between tlu roost and as far as the eye 
conld rcadb towards Fair Isle and aicay to the west." Here, 
then, is very satisfactory evidence, that the heavy waves were 
so much reduced in height by breaking in deep water (it is 
believed not less than about 40 fathoms), that when they 
reaclu'd the shore they were nearly harmless. The modifying 
and intensifying effects of tide-currents on waves seem to 
have been entirely overlooked in the discussions regarding 
the merits of vertical and sloping walls ; a subject which will 
be reforred to in another section. 

Causes of Hoost,^ or Haves of the Tide, — The opinion ex- 
pressed by a writer in the Edinhurgh Philosophical Journal — 
that the cause of races or roosts is mei*ely the meeting of two 
rapid currents, seems to be erroneous ; neither does it appear 

* The ciHTcnt turns one hour and a half before high water on the shore. 
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possible that they are occasioned only by the projection of 
rocks from the bottom of the sea, as many sailors suppose. 

From careful inquinea, as well aa from actual personal ex- 
perience of such dangerous breaking waters as the Boar of 
Duncansby, and the Merry Men of Mey in the Peutland 
Firtli, it appears that the true cause is the meell of the ocean ew- 
coitntering an opposi-ng tidal currrnt. Two rapid tides may 
meet each other without any dangerous effects, if there be no 
ground-swell, yet, if they join together in a rough sea, aa in 
coming round the islands of Stroma or Swona in the Pent- 
land Firth, during gro mid-swells, the effect of their union 
being to increase the current, liighly dangerous waves will be 
produced. The meeting of the currents, therefore, though not 
the caiise of the waves, ia nevertheless sure to increase their 
height, and to make them break. The races which occur in 
open seas — as, for instance, off headlands and turning-points 

the coast — are certain portions of those seas in which, with 
ground-swell, the waves break to a greater or less extent, 
although the water may be very deep, and there may be no 
■wind at the time. At all such places Jt will be found that 
there are rapid tides, and that the breaking waves are pro- 
duced when the tide runs against a ground-swell. The roosts 
on the west coast of Orkney nr of the Pentland Firth, for 
_eiample, are woist with ebb tides aud v:esterly swells, because 
16 Atlantic swell and current of ebb are opposed. Those 

in on the east coast are worst with jload tides and easterly 
'■eweHs, because the swell from the German Ocean and current 
of flood are opposed. Thus at the east end of the Pentland 
Firth the Boar of Duncansby is well known to rage with 
swells and a flood tide ; whereas, at the west end of 
same firth, the Merry Men of Mey are worst with ebb tide 
a westerly swell, at which time no boat can enter them 
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without the greatest risk of being swamped. One or two 
quotations from the "Sailing Directions for the Pentland 
Firth," which are given in the « North Sea Pilot " for 1857, 
will give the reader a good idea of the dangers of those 
troubled waters, and of the peculiar phenomena presented by 
the roosts. 

" Before entering the Pentland Firth, all vessels should be 
prepared to batten down, and the hatches of small vessels 
ought to be secured even in the finest weather , as it is difficult 
to see what may be going on in the distance, and the transi- 
tion from smooth water to a broken sea is so sudden, that no 
time is given for making arrangements." "The SunUcie (of 
Stroma) must be avoided by boats even in the finest weather, 
for a few years since a boat was drawn down by one of the 
whirlpools, and all her crew perished." " So distinct is the 
line of demarcation between the stream and the eddy, that in 
passing in a steamer from the one into the other, the engines 
are brought to a standstill and the vessel twisted round with a 
great velocity." " During the flood-stream in an easterly or 
south-easterly gale, it is absolutely necessary to keep an offing 
of 6 to 8 miles abreast of the Pentland Skerries, until the flood- 
stream has ceased. Three vessels were observed to founder 
on the 18th August 1848 when attempting, under these cir- 
cumstances, to run against the flood." 

Velocity of different British Races. — It will not appear sur- 
prising that such effects are produced when the swiftness of 
the currents in those northern seas is taken into account. 
I have collected in a tabular form the velocities of some of the 
most remarkable races, from which it will be seen that the 
velocity of one ofi" the Pentland Skerries is nearly double that 
of the well-known " Race of Portland." 
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Velocity of 


Names of Pltces. 


Authorities. 


Spring Tides in 

statute miles 

per hour. 


Portland Race .... 


Admiralty Channel Pilot 


6.75 to 6.9 


Open ocean between Orkney and 






Zetland .... 


Admiralty North Sea Pilot 


6.76 


Hoy Sound, Orkney 
Holm Sound, do. . 


Do. do. 


6.90 


Do. do. 


6.90 


Sumbui^h Roost, Zetland 
Burger Roost, Orkney 


Do. do. 


8.06 


Do. do. 


8.06 


Relate, New York, east current 


Prof. H. MitcheU 


8.6 


Dona Mor, Argyllshire . 


Captain Bedford, R.N. . 


9.22 


Gulf of Ck)rrie Vreckan, Argyll- 






shire .... 


Do. 


9.83 


Roost near Louther, Pentland 






Firth .... 


Admiralty North Sea Pilot 


10.86 


Roost near Swona, Pentland Firth 


Do. do. 


10.36 


Roost near Pentland Skerries . 


Admiralty Survey 


12.20 



Bars at the Mouths of Rivers form miniature Races, — ^The 
dangerous surf which exists at the mouths of some rivers is 
not due solely to the want of depth at the bar, but in a great 
measure to the meeting of the outward current with the waves 
of the sea, which here form a kind of miniature roost. It may 
therefore be in some rare cases an evil to increase the amount 
of backwater, as the effect would be to increase the current. 
The velocities at the entrance of some of our British rivers 
are given in the following Table : — 



Names of Places. 


Authorities. 


Statute miles per hour. 


The Tay near Bnddonness 


Admiralty Pilot . 


2.88 


The Esk near Montrose . 


• • ■ • • • 


7.58 


Dee, Aberdeen, between piers . 


Min. Civ. Eng. . 


8.0 to 9.2 


Wear, Sunderland . 


T. Meik . 


Springs 2.0 
Neaps 1.26 


Tvne 

Mersey, abroast of Helbre and 




Formby. The same outside 






of bars .... 


Denham 


2.75 


Mersey, between Seacombe and 






Prince's Dock . 


Baines* Liverpool 


6.75 


Ayr 


• • « • • • 


.33 


Humber .... 


North Sea Pilot . 


4.7 


Queensferry passage, Firth of 






Forth .... 


• • • • • • 


6to7 


Clyde at Greenock, last \ ebb . 


Messrs. Stevenson 


3.33 
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When a swell encountei'S a rapid opposing current, the 
onward motion of the waves is arrested, and their length is 
visibly decreased. They get higher and steeper, crest, and 
at last break, sometimes very partially, and at other times 
almost as they would on a shelving beach. It is probable 
that in such disturbed waters several waves may ultimately 
combine into one very large billow ; for one wave may have 
its onward motion so much checked as to allow the wave be- 
hind to overtake it, and the two having thus coalesced, may, 
as one large wave, acquire a superior velocity, so as to over- 
take those in front 

Tlie Tides sometimes increase the Surf on the SItore. — It is 
probably to the velocity of the tide currents, among other 
causes, that such wonderful effects as that at Whalsey and 
Wick, already noticed, may be referred. Were such violent 
action common to all the shores of the German Ocean, instead 
of being fortunately restricted, as it is, to places where the 
depth of water is great and the currents strong, some of our 
eastern seaport towns would, from tlieir low level, be destroyed 
during the first stormy winter. 

Tiine of the TUlc at which the Surf is heaviest. — ^As a further 
proof of the great effect of the tides on the waves, it may be 
stated that the time when most damage is done to sea works 
which are in tolerably deep w^ater is generally from one to two 
hours before and after higJi-ivaterj which nearly corresponds to 
the time when the tide has attained or has begun to attain 
its full strengtk Murdoch Mackenzie, the justly celebrated 
marine surveyor and hydrographer of the last century, in 
speaking of the tides of the Orkney Islands, tells us that 
" the spring tide acquires a considerable degree of strength in 
less than one hour after its quiescent state begins. Neap 
tides are hardly sensible in two hours after stiU water. The 
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stream is most rapid commonly between the third and fourth 
hours of the tide." * On the 15th February 1853, during a gale 
from the north-east, a large body of water was thrown upon 
the lantern of Nosshead Lighthouse, Caithness-shire, being a 
height of 175 feet above the sea. This occurred one hour be- 
fore high water. On the 23d November 1824, one Jumr and a 
half before high water, a very alarming wave struck the Eddy- 
stone tower, and enveloped the house to a most unusual 
extent. The mass of water elevated by this wave broke five 
panes of the lightroom glass. Another remarkable instance 
occurred at Peterhead Harbour, which projects prominently 
into the sea on an isthmus, where the tides, at but a short 
distance seaward of the harbour, run very rapidly. On the 
10th January 1849 there was a tremendous sea on the shore, 
and a crowd of people were down, about two lunirs before high 
tvater, helping to secure the whalers and other vessels lying 
at the quays, when three successive waves, bursting over the 
harbour, carried away 315 feet of a bulwark founded 9 J feet 
above high-water springs, and which had stood for many 
years. One piece of this wall, weighing 13 tons, was moved 
to the distance of 50 feet. After this violent outbreak of the 
sea, the waves became more moderate, until about two hours 
after high-water, by which time the large whalers had taken 
the ground, when other three enormous waves again swept 
over the harbour, submerging the quays to the depth of 6 or 
7 feet, and occasioning the loss of sixteen people, who were 
washed off the pier. These waves filled the harbour to such 
a depth as to set all the whalers afloat again, and they con- 
tinued so for several minutes, until the excess of water had 
run out through the harbour mouth. 

Characteristics of Coasts, the Kvposures of which are miich 

* Orcades, by Murdoch Mackenzie : London, 1750, p. 4. 
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affected ly the Tides. — ^From what has been adduced in this 
and another chapter, the following conclusions seem to be 
warrantable : — 

1. The waves are most destructive when they come in at 
right angles to the shore-line. 

2. Their power is increased in proportion as the direction 
of the main body of the tide approaches to coincidence with 
the direction of the heaviest swell ; and tliey are probably 
worst at those headlands on which the tide splits. 

3. At parts of the coast where strong tide-currents set off 
the shore, they reduce the waves by acting as a breakwater. 

4 Where a considerable part of the coast retires, there 
will be less sea during the strength of the tide, even although 
the waves come in at right angles to the shore, because the 
tide keeps outside, following the direction of the general trend 
of the coast. But this will probably not hold true of small 
re-entrant hollows of the shore. 

5. Although the line of exposure and the tide-current are 
parallel to the coast, yet if the tide runs in a line very near 
to the shore, as is the case in short narrow channels where the 
velocity of the current is increased, there may, nevertheless, 
be an unusually heavy sea. 

6. The shores which are most severely tried will probably 
be those where the line of maximum exposure is at right 
angles to the line of shore, and where it coincides with the 
direction of the principal tide-current. 

I should not have dwelt at such length on this subject, 
were it not that I might again refer to some of tlie facts when 
treating of the subject of vertical and sloping walls for harbours 
of refuge, where it is of impoitancc to show that even in the 
deepest water the waves are not at all times purely oscillatory, 
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but that wherever there is a tide-current the waves will more 
or less partake of the properties of waves of translation. 

Relation behveen Height of Waves ami getieral Depth of the 
Sea adjoining. — Another circumstance aflfecting the exposure 
of any marine work is the depth of the sea or ocean on the 
shores of which it is built. The great rolling billows so com- 
monly met with in the Atlantic cannot be generated in the 
shallower parts of seas like the German Ocean, unless, perhaps, 
in such peculiar circumstances as have just been adverted to. 

Mr. D. Stevenson, in 1838, in his Engineering of North 
America* gave it as his opinion that "to the production of 
considerable undulations, capable of injuring marine works or 
endangering their stability, three conditions were necessary : — 
Firsts That the sheet of water acted uypn by the wind shall 
have a considerable area. Second, That its configuration shall 
be such that the wind moving over it in any direction shall 
act upon its surface extensively, both in the directions of 
length and breadth. And, Tfiird, That the depth of water 
shall be considerable, and unobstructed by shoals, so as to 
permit the undulations to develop themselves to a great ex- 
tent without being checked by the retardations caused by 
shallow water and an imequal bottom." 

In a paper read before the Royal Society of Edinburgh in 
1859 I attempted to show, in accordance with those views, 
that one cause of the peculiarly heavy waves which fall upon 
the Bound Skerry of Whalsey was not only the great depth 
of water close to that rocky islet, but the gi'eat depth of the 
Grerman Ocean in those noi-thern latitudes as compared with 
its southern portions. But as the reduction in the height of 
the undulations caused by shallow water will be again referred 
to, I shall oidy here advise the reader, when judging of any 

* Engineeriiig of North America, by D. Stevenson : London, 1838, p. 67. 
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North Se* Piio:, Fdn iii. p, SI : Lond. 1S5S. 
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that the largest waves are not in all places so destructive as 
smaller ones. We may also conclude that in cases of severe 
exposure, where it would not interfere with the passage of 
ships, the waves might to a certain extent be reduced by drop- 
ping very large blocks of stone or concrete at some distance 
seawards of the works, so as, by forming an aitificial shoal, 
to cause the waves to crest and break outside. In connec- 
tion with this subject we may state Mr. J. T. Harrison's 
opinion, that "during violent on-shore gales the water is 
altogether raised, so that the medium line between high 
and low water is sometimes raised several feet. The greatest 
encroachment upon the beach wiU, on such occasions, take 
place during neap tides, for it gives the greatest depth of 
water over the fore-shore at low water."* 

It is quite possible, in certain cases, that there may be 
a very considerable depth at low-water close to the pier, 
arising from the geological formation, or due to the scouring 
action of a local current^ while the general character of the 
sea outside may be that of a shallow basin, encumbered with 
reefs or sandbanks, which render the formation of heavy bil- 
lows altogether impossible. 

Depth of Water in which Waves break, — It is of great im- 
portance to be able in all cases to ascertain the maximum 
possible wave that can exist unbroken in any given depth of 
water. Mr. Scott Eussell, whose observations on what may 
be called the marine branch of hydrodynamics are of such 
great value, has stated that " he has never noticed a wave so 
much as 10 feet high in 10 feet water, nor so much as 20 feet 
high in 20 feet water, nor 30 feet high in 5 fathoms water ; 
but he has seen waves approach very nearly to those limits.** 
It is presumed that the datum here referred to is the mean 

• Min. Civ. Eng. viL 848. 
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level of the surface of the sea. As the subject is very im- 
portant — because the depth of water for some distance in 
front of a work may be said to be the ruUng element which 
determines the amount of force which it has to resist^ what- 
ever be the line of exposure, I shall mention some results 
that I have obtained on this subject, and which, so far as 
they go, confirm Mr. Russell's law. 



OBSERVATIONS made at the Firth of Forth on Breaking 

Waves on a sandy beacL 



OTAJL Height 
OF Wave. 


Depth or Water 
IN Hollow of Wave. 


Ft In. 

2 6 

3 
3 


Ft In. 
1 2 
1 5 
1 5 



It nmst, however, be borne in mind that these observations, 
and I conceive also those of Mr. Russell, apply only to those 
short, steep, and superficial waves, which are due to an existing 
wind ; and not to the ground-swells which are almost con- 
stantly to be found in the open ocean, and wliich may be the 
result of former gales, or are the telegraph, as they have been 
called, of those which are yet to come. 

Since the first edition of this book was published I had 
an opportunity, in July 1870, to make obser\'ations during a 
north-easterly ground-swelL* The heights could be measured 
with very considerable accuracy on the iron piles and open 
sloping slip or grating at the seaward end of the new iron 
pier at Scarborough. 

• Nature, August 9, 1S72, 
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The following are the results of breaking waves from 
hollow to crest : — 

Heights. 

5' 6' , 

5 

5 

5 6 



,/ ^tf 



5 3= mean height. 

The mean depth of water below the trough was 10 ft. 3 in. 

Heights of the highest breaking waves from hollow to 
crest: — 

6' 0" 

6 
8 
6 
6 



6' 6" mean height of highest waves. The 
mean depth of water below the trough was 13 ft. 8 J in., so 
that in both cases those waves iroke when the depths below 
their troughs were abotU tvnee their own height, I much regret 
that I omitted to note the length between the crests. Taking 
their crests and troughs equi-distant from the mean level of 
the surface, would give 

D = 2.5A 

when D = depth of water in feet below the mean level, and 
h = height of wave in feet from hollow to crest. 

On the other hand, some of the large waves in Wick Bay 
during storms were noticed to break when they came into 
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water of the same depth as their height. The height of those 
waves above the mean level was about two-thirds of their 
height, and the hollow below the mean level was about 
OTierthird. 

It is well also to remember that when the bottom shoals 
suddenly, the waves are more apt to break than when the 
shoaKng is more gradual 

HeigM of Waves above the Mean Z«?rf.r— The late Dr. 
Bankine has shown that the mean water-level is not situated 
half-way between the crest and trough of the sea. He kindly 
sent me the formulae for ascertaining the mean level of the sea 
from the height and length of the wave. These formulae are 
exact only for water of considerable depth as compared with 
the length of a wava For shallower water they are only 
approximate. 

Let L be the length of a wave. 
H the height from trough to crest. 

Then diameter of rolling circle = oTTT^ 

<5. i4ib 

IT 

Eadius of orbit of particle = „ 

And elevation of middle level of wave above still water 
3.U16 ff ^ IT 

Consequently — 

Crest above still water = ^ + -7854 y~ 

H ff 

Trough below still water = -^ -.7854 y" 



CHAPTEE VI. 

DESIGN OF PROFILE, ETC., OF HARBOURS IN DEEP WATER. 

Definition of a Breakwater — Comx)arison of Vertical and Talus Walls — 
Oscillatoiy and Waves of Translation — Wind causes Currents — Forces 
against Unfinished Masonry — Level of Conservation of Rubble — Best 
Profile — Comparison of different Works — Oblique Forces vertically and 
in azimuth — Ratios of Friction of Stones — Russell on Refuge Harbours — 
Proportions of different Breakwaters — Different Designs — Available 
Capacity of Harbours of Refuge and Natural Bays. 

Definition of a Breakwater, — Harbours of refuge are dis- 
tinguished from tidal harbours mainly by the superior depth 
of water which they possess, and the larger area which' they 
inclose. The requisites are — shelter during storms, good 
holding-ground, and easy access for shipping at any time of 
tide, and in all states of the weather. A breakwater, though 
a passive, is yet a real agent, having true work to do. During 
storms many thousand tons of water are elevated and main- 
tained above the sea level; and these have to be brought 
down to that level and destroyed within a given space. This 
is the work which the breakwater has to do. There are two 
ways in which the work can be performed. One is by means 
of a plumb wall to alter the direction of the moving water 
by causing it to ascend vertically, and then to allow it to de- 
scend vertically, by which process the waves are reflected and 
sent back seawards. Another mode is to arrest the undula- 
tions by a sloping wall of length suflBcient to allow the mass 
of elevated water to fall down upon the slope. If, however, 
this slope is not long enough to enable the waves to destroy 
themselves, they will, though reduced in height, pursue their 
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original direction, and pass over the top of the breakwater. 
In this case the breakwater does not do its full share of work, 
and little or no shelter is produced 

ComparUon of Vertical and Talus Walls/or Breakwaters. — 
There has been much discussion as to whether piers for har- 
bours of refuge should be vertical or sloping, CoL Jones, T^F^^ 
proceeding on his experience at Eilrush pier, a section of 
which is given in Plate VIL, has especially advocated the 
superior merits of the vertical wall ; and the discussions on 
his plan at the Institution of Civil Engineers, and the able 
protest by the late Sir Howard Douglas, will be found, from 
thoir interest and importance, to merit a careful perusaL 

The principle asserted in favour of the vertical wall is, 
that oceanic waves in deep water are purely oscillatory, and 
exert no impact against vertical barriers, which are therefore 
the most eligible, as they have only to encounter the hydro- 
static pressure due to the height of the reflected billows, which 
are reflected witliout breaking. 

Oscillatory Waves and Waves of Translation, — From the 
eflTeots of winds and of tide-currents already referred to, and 
perl laps from other causes, the action of which seems to have 
been overlooked by the advocates of the upright wall, we have 
very good reason for believing that any form of barrier, in 
whatever depth of water it may be placed, must occasionally 
be subjcjcied to heavy impact. The possibility of waves of 
translation being generated in the deepest water has been 
already established in the foregoing chapters, if the reader has 
been satisfied of the truth of the following assertions : — Firsl, 
That oceanic waves break, partially at least, long before they 
reach the shore, because (as explained even by the advocates 
of the pur(.»ly oscillatory character of oceanic undulations) the 
depth of water is too small to admit of their propagation ; 
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Kctmdly, That waves in strong tideways break in deep water 
during calm weather — a phenomenon which is apparent to the 
eye, and familiar to all sailors ; fkirdly, and negatively, That to 
leeward of those races which produce broken water, and which 
certainly do not reflect the incoming waves, there is compara- 
tively smooth water both at sea and on the adjoining shore 
tmtil the strength of the tide is exhausted, and the race has 
disappeared, after which violent action is i^ain fully mani- 
fested on the shore. 

It may be aigued that these are extreme cases, and that 
such high tidal velocities are seldom met with. This objection 
has, uo doubt, truth in it ; but still the tendency is shown, 
and, though the velocities may be less in other places, there 
may yet be a current sufficiently strong to destroy the con- 
dition of atarfnation which the oscillatory theory assumes, to 
Bay nothing of the impulsive force of the wind. The breaking 
of waves at sea, and the existence of races, seem to prova 
beyond question that at least partially breaking waves are 
possible in the deepest water. 

Efftct of the Wind in causiiuj Currents. — "Wind may also 
generate currents where there is httle tide. It is asserted by 
Vice-Admiral Zliartmanu, in his Danish Pilot, that in the 
Kategat, where the tides have a velocity of 1 to 2 knots, and 
the common rise is one foot, " the current may sometimes, in 
boisterous weather, continue to run for three weeks the same 
way, and even to attain the velocity of 4 knots ; and in a 
furious gale of wind, on the 15th of January 1818, the water 
rose 5J feet above the common water-stand."" He also men- 
tions (p. 260) that iu the Great Belt the velocity is increased 

south-east storms from 1 or 2 knots to 5 knots in the 
iws of Hasselii, and that north and west winds produce 

Tbo Dduuli pilot, b; Viue-Admira] Zbartiuuin : LondciD, 1H53, p. 122. 
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similar effects in the Sound ; and he adds, " Nor is it necessary 
to this result that the last-named winds should blow home : 
it is enough that a gale should have swept across the North 
Sea in that direction for several successive days" (p. 134). 
If these statements be correct, they certainly prove that the 
water is driven with force by the wind. 

Damage done by Waves in Deep Water, — In 1858 the 
" Hebe " of Wisbeach lost her bulwarks in her passage irom 
Sunderland to Leith, and on examining the crew immedi- 
ately after her arrival, the sailors stated that the weaHier 
bulwarks were the first that were stove in. It will surely be 
admitted, that in this case, besides the impact due to the 
velocity of the vessel, the waves must have exerted an im- 
pulsive force, and that not due to the action of the wave after 
but before it had broken on the deck. Is it not also probable 
that even purely oscillatory undulations, after being reflected 
by a vertical wall, may combine with others of the same kind 
so as then to become waves of translation, possessing all the 
elements which endanger the stability of a sea work ? 

Dr. Scoresby, in narrating liis experience of the storm which 
he encountered on his voyage to Melbourne in the " Eoyal 
Charter " in 1856, gives a grapliic account of the breaking of 
oceanic waves. He says,* " No wave could keep pace with 
the legitimate demands in hydrodynamic law of the wind's 
terrible vehemence. Waves of 40 feet in height, which satisfy 
the greatest demands perhaps of any of our North Sea or high 
northern Atlantic storms, bore no adequate relation to the 
impetuosity of this hurricane tempest. A sort of surface im- 
petus seemed to be given, forcing the crests of the loftier 
waves with a velocity so much beyond the motion of the 
regular undulations, as not only to cast almost every peak 

♦ Life of William Scoresby, by Dr. Scoresby Jackson : Loud. 1861, p. 874. 



HAEBOUES IN DEEP WATER. 



79 



and summit into the form of a breaker, but iu some cases to 

give such a degree of magnitude and breadth to the breaking 

^_ Bummit — as one masa of wliite water labouring forward after 

^fe SDOther, and retarded by the diminished velocity of that before 

^V it— that the main surface behind some of the mightiest wavea 

would present but one unsubdued and wide-spread breast of 

foam — a. phenomenon I Lad never seen but in waves breaking 

over an insulated shelving rock !" 

IWaws of Translation formed by the Uiifinislied Masmiri/ 
itf Beep-water Worlcs. — But whatever value may be attached 
to the facta which we have adduced as to the certainty of 
deep-water waves exerting, in some circumstances, more 
flian the hydrostatic pressure due to thei]' height, there ia 
another consideration, the cogency and relevancy of which 
can hardly admit of any question. It is a well-known and 
generally admitted fact, that damage to marine works occurs, 

I in the great majority of instances during their progress, and 
not after their completion. Every contractor knows the 
ndvantage of having a sea work finished before the storms of 
winter commence, and it is usual to doae-in the works with a 
temporaiy wall when the autumn draws to an end. Any one 
may see the obvious propriety of such a course, for it is plain 
that the stones which are last set have only their own weight 
to keep them stationary, while in a pier that is finished, the 
materials are not only bound at both ends, but are kept in 
their places by the weight of the superjacent masonry. When 
^^^ storm comes suddenly on during the progress of the works, 
^^■t at once overturns and removes the outermost stones, and as 
^^Kieee expose others, they too, in their turn, speedily disappear, 
/, while the mischief ia aggravated by the washing out of the 
atilt more easily moved backing and hearting. It ia manifest, 
therefore, that this piecemeal destruction will not be confined 
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to the open end of the pier, but will encro&cb upou the finished 
work. 

Now, it is equally well known, that in order to preserve 
the bond in a waU of masonry while in progress, the unfinislied 
end must always present a stepped or serrated outliua It 
follows, therefore, that even a vertical waU must^ daring its 
formation, present coustantly to the action of the waves a 
sloping 01 at least a stepped face like a talus wall, bnt which, 
unfortunately for its stability, possesses none of the advantages 
of a finished sloping breakwater. In short, daring the most 
critical period of the hiatoiy of every vertical wall, the face- 
work and hearting are exposed at the outer end to the force of 
breaking waves, which not only act upon the materials, hut act 
upon them at the very time when they are in the most de- 
fenceless state. 

DynamoTnetrical Values of Force against Unfinished Masonry. 
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—In October 1858, in order to brii^ these views to the test 
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of experiment^ I fixed small Dynamometers on an unfinished 
wall at the harbour of Dunbar. The works consisted of the 
fonnation of a new sea-wall in front of an old one which had 
become ruinous. Seaward of the new wall the contractor 
erected piles for supporting a travelling crane. Two Dyna- 
mometers, marked Nos. 2 and 3 in Figs. 13, 14, were fixed 
to the piles, while other three, Nos. 4, 5, 6, were fixed on the 
unfinished wall. Mr. Russell's law, that waves do not break 
or become entirely waves of translation until they reach water 
so shoal as to be no deeper than their own height, appears to 
hold good for the smaller class of waves ; and, therefore, in 
depths of from 7 to 11 feet 5 inches, being the depths at high 
water in front of the works, while the trials were made, waves 
of from 16 inches to 3 feet 9 inches would reach the wall 
without becoming waves of translation ; while waves of from 
7 to 10 feet, being those which formed the sul)ject of trial in 
the first part of the table of experiments given below, would 
in that depth become breaking waves. 

On consulting the Table of Observations, it will be seen 
that the mean force registered on the unfinished courses of 
the new sea wall, including those imperfect results in which 
the spring was driven home, was with waves of translation 
2.01 times greater than was registered on the pile. This is 
much what might have been expected, for the water in motion 
would escape more readily past the x^il^) which presented a 
very small surface to the moving water, and allowed it to pass 
freely on both sides. But if we look to the second part of the 
table we find that the force with the oscillatory or non-break- 
ing waves is 22.45 times greater on the unfinished courses of 
the masonry than on the pile outside, showing clearly that the 
broken surface of the unfinished vertical wall had changed 
their character from oscillatory waves to waves of translation. 
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It must be remarked, however, that the dynamometer No. 
5 was placed purposely in the angle fonned by the junction 
of the new and old walls, where, as might have been expected, 
the force was concentrated- This will be perceived on com- 
paring its indications with the others. Although in some 
parts of every imfinished wall re-entrant angles such as this 
must exist, where similar concentration of force will take place ; 
yet, even although we exclude its indications from the result, 
it still appears that the ratio for waves of translation is only 
1.46 times greater than that on the log, while with oscillatory 
waves it is 8.27 times greater. 

These experiments prove therefore that oscillatory waves 
become waves of translaiioii ivJicn they reach flic unfinished 
part of a vertical sea ically and that tlicy then exert a force 
nearly 6 times greater tJian if they had remained waves of 
oscillation. It farther appears that purely oscillatory waves 
do not exert much more than their hydrostatic pressure, under 
circumstances similar to those affecting the Dunbar experi- 
ments ; but had there been a storm of wind, those waves 
would no doubt have ceased to be purely oscillatory, even 
although the water had been very deep. 

Best form of Breakwater. Level of Conservation of Rubble, — 
If we further keej) in view that any settlement of the foimda- 
tion is far more perilous to a vertical than to a sloping wall, 
there seems good ground for believing that the ordinary method 
of forming the low water parts of deep harboui^s of large masses 
of rubble stone or of concrete blocks, is, in most circumstances, 
the best and cheapest kind of construction wlien a vertical 
wall is to be adopted. Loose rubble or blocks of concrete, 
after being acted upon by the waves, are less liable to sink, 
or to be underwashed, than when a vertical wall is founded 
upon a soft bottom. Loose concrete blocks above low water 
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form an excellent protection to the upright wall. Two pre- 
cautions should, however, be kept in view — First, the wall 
Bhonld be founded at a sufficiently low level to prevent under- 
washing. A depth of from 12 to 15 feet under low water was 
pointed out by the late Mr. J. M. Reudel o& the level below 
which the waves did little or no damage to pienrs perdues. 
Sir John Eennie indeed considered that there was little or 
no effect at a fathom and a half.* No works hitherto executed 
had, BO far as T know, been founded at a lower level than 12 
feet, but at Pulteiieytown, where the rubble is more exposed 
than at any other harbour, Messrs. Stevenson, as already stated, 
considered it advisable to found the wall 18 feet below low 
water, and the rubble has actually been removed down to 15 
feet below low water. Secondly, in all cases where the structure 
is to act simply aa a breakwater, and not as a pier, there should 
be no |jarspet, the want of which relieves the foiiudation, as was 
observed by Mr. \). Stevenson at a harbour work where a 
breach had been made. At one part, where the wall remained 
entire, and the sea was opposed by the parapet, the sea fell 
heavily on the foundations ; but at the breach, where the 
parapet was wanting, the waves played gently over the work, 
mthout any iwrceptible reaction against the foundation courses. 
Mr. Murray also approves of there being no parapet, and pro- 
poses that the roadway of brflakwatera should be 10 feet above 
high water, When pitched slopes are adopted, great benefit 
will be found to accrue from leaving a wide fore-shore at the 
bottom or toe of tlie slope. Much, however, depends on local 
peculiarities in selecting the best design for any work ; and 
the nature of the bottom is in all cases important AVhere the 
bottom is soft, a high vertical wall should not be attempted. 
Comparisons of different Worls. — In making these re- 
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marks, I must not be understood as condemning the adoption 
of vertical walls without a rubble base, in cases where the 
foundation is good. All that is asserted is the opinion that 
partial waves of translation do exist in deep water, and there- 
fore that harbours of refuge will prove failures unless they are 
built of sufficient strength to resist the impact of such waves. 
The Cherbourg breakwater (Plate VII.) has been often referred 
to as a succ-essfid instance of the application of a vertical wall, 
and has been contrasted with the Plymouth breakwater, which 
has a long slope. But this appeal is quite fallacious, as the 
Cherbourg breakwater is of a composite character, consisting 
of a mass of rubble sloping at the rate of 7 horizontal to 1 
perpendicular, surmounted by a plumb wall ; so thaty whatever 
merit may be supposed to belong to the vertical profile, is 
entirely nullified by the long slope in front, on which Uie 
waves break before they reach the vertical barrier. More- 
over, the heaviest waves at Cherbourg come from the N.W., 
and do not assail the breakwater at right angles to its direc- 
tion, but come more nearly e7ul on to the work, so as to a 
great extent to run along the outer wall. The N.W. waves 
are propagated from the Atlantic, while those which prove most 
trying to the work come from the N., in which direction the 
extent of exposure is only about 60 miles. These facts were 
obtained during a visit to Cherbourg, undertaken for the 
special purpose of ascertaining the physical characteristics of 
the place. Any attempt to establish a parallelism between 
Pljonouth, which faces the Atlantic directly, and Cherbourg, 
which is comparatively land-locked, cannot, therefore, stand 
the test of a careful inquiry. 

Other comparisons may be refeiTed to which have been 
advanced on equally untenable grounds. Thus, the old pier of 
Dunleary, which is vertical, and has stood well, has been com- 
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pared with the talus walls of Kingstown Harbour, which now 
protect Dunleary, and which have often received much damage. 
The all-important element of the depth of water in front has 
in this comparison been entirely overlooked ; for at Kingstown 
there is a depth of 27 feet, while Dunleary is all but dry at 
low water. 

Oblique Force in the Vertical Plane, — An important advan- 
tage of the sloping waU is the small resistance which it offers 
to the impinging wave, but it should also be borne in mind 
that the weight resting on the face-stones in a talus wall is 
decreased in proportion to the sine of the angle of the slope. 
If we suppose the waves which assail a sloping wall to act in 
the horizontal plane, the component of their impulsive force 
at right angles to the surface of the talus will be proportional 
to the sine of the angle of inclination to the plane, while the 
eflfective force estimated in the horizontal plane wiU be pro- 
portional to the square of the sine of the angle of inclination. 
But if we assume the motion of the impinging particles to be 
horizontal, the number of them which will be intercepted by 
the sloping surface will be also reduced in the ratio of the 
sine of the angle of inclination, or of the inclination of the 
wall to the vertical Hence the tendency of the waves to 
produce horizontal displacement, on the assumption that the 
direction of the impinging particles is horizontal, wiU be pro- 
portional to the cube of the sine of the angle of elevation of 
the vhM. 

Formula for Oblique Force vertically and in Azimuth. — If it 
further happens that, owing to the relative direction of the 
pier and of the waves, there is an oblique action in azimuth 
as well as in the vertical plane, there will be another similar 
redaction in the ratio of the squares or cubes of the angle of 
incidence, according as the component of the force is reckoned 
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at right angles to the surface of the pier, or in the direction of 
the waves. 

Let/= force of the wave on unit of surface of wall for 

perpendicular incidence ; 
/'= force on unit of surface at vertical incidence 

^, and azimuthal incidence >J/ ; 
then f ^ f (sin (p sin >)/) ^. 

Friction of Stones on each other, — The above expression 
assigns perhaps too great a reduction to the oblique action, 
because the motion of many of the particles is not horizontal, 
and the upward force acting over the area of the lying beds 
of the stones is perhaps more to be dreaded when the works 
are in progress than the horizontal force against the outer 
vertical faces. Yet it must be observed that the experience 
at Wick Breakwater, as afterwards referred to, points, on the 
other hand, to a different conclusion. 

Ratios of Fiction for different lands of Masonry. — More 
extended experiments than have yet been made are desir- 
able to determine the constant for the friction of rough blocks 
over each other. Mr. George Eennie found that -j^^ths of 
the weight were required to drag a block of stone over the 
roughly-dressed floor of a quarry, and that the voussoirs of 
the London Bridge began to glide over each other at a slope 
of from 33° to 34°.* I made a few experiments on the 
friction of small, polished, ashlar blocks of freestone, and the 
mean gave i^ths of the whole weight moved, as the coeflScient 
of friction of such stones over a similarly polished freestone 
block. 

The power required to co:(ract a polished freestone block 
out of its place in a column consisting of different numbers 

* Phil Trans. 1829, p. 168. 
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of blocks was also tried. The coefficient of friction in ex- 
tracting any of the blocks from the column was 1.083, or 
about twice the amoimt for moving the whole mass (including 
the stone extracted). 

As the blocks in a sea-work are very often submerged, it 
appeared desirable to ascertain the friction in water as well 
as in air, and the following table shows the results, as also 
the coefficients for stones in different styles of dressing. 



Kinds of Dressing and of Materials. 


Angles at which 

blocks began to 

move. 


Coefficients 

of Friction 

for Water. 


Coefficients 

of Friction 

for Air. 


In 
Water. 


In Air. 


PoliHhfxl freestone on polislied freestone 
Longitudinal axing on cross broaching* 
Cross axing on cross broaching 
Closely axed greenstone on scabblcd free- 
stone 

Longitudinal broaching on pick-dressing 
Closely axed greenstone on scabbled free- 
stone 

Cross close axing on pick-dressing . 
Longitudinal broaching on longitudinal 

broaching .... 
Closely pick-dressed freestone on closely 
pick-dressed freestone 


28° 

• • • 

• • • 

39° 

■ • • 

• • ■ 

41 4° 

41° 

61o 


28° 

374° 

381° 

85° 
39i° 

40° 
40i° 

414° 

48° 


.53 

.81 

.88 

.87 

1.23 


.53 
.77 
.79 

.70 

.82 

.84 
.84 

.88 

.94 



The blocks which were used in these experiments were 
of too small sizes to give anything more than a rough com- 
parative valuation for air and water, but some stones of about 
a ton in weight were di*essed for me in different styles of 
workmanship, at the sight of Mr. Eobert Kinnear, Inspector 
of Works, when the following results were obtained : — 

* Broaching is a style of work peculiar to Scotland, and consists of a 
number of narrow parallel ridges running close to each other. They are 
made with a sharp-pointed tool, and extend over the whole of the face-work 
between the drafts. 
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Kind of Dressing. 



Droving on droving, wares parallel to line of slip 

Broaching, on broaching with strips or ridges run- 
ning parallel to the line of slip . 

Droving on droving, waves cross to line of slip . 

Broaching on broaching, with strips or ridges lying 
crossways to the direction of slip 

Rough pick-dressing on rough pick-dressing 



Angles 
at which 
Stones be- 
gan to 
move in 
Air. 



Coeffi- 
cients of 
Friction 

in Air. 



33«8' 

86° 6* 
88° 11' 



.65 

.68 
.73 

.78 

.79 



Evil of Fine Workmanship in Harbour Masonry, — These 
tables are given not as determining the diflferent coefScients 
exactly, but as establishing the fact that the friction in water 
is much the same as in air ; and as showing the impropriety 
of expending labour in dressing finely the materials for har- 
bour mjtsonry. By polishing the beds we at once reduce the 
power of resistance by about one-fourth ; or, in other words, 
roughly dressed materials of three-fourtlis of the weight of 
polished materials will be equally safe, while they are also 
more economical, both as to the cost of the stone and of the 
workmanship in dressing. 

Mr, EussdVs Remarks on Harboitrs of Refuse, — I have 
already referred to the importance of Mr. Scott EusseU's ex- 
perimental inquiries, and I cannot do better than conclude 
the remarks on this subject by a quotation from his observa- 
tions during a recent discussion at the Institution of Civil 
Engineers, tlie value of which will, no doubt, be regarded by 
the reader a sufficient excuse for its length. 

" In sea-works there were practically two classes of waves to 
deal with, of such different, if not opposite, natures, that what 
was beneficial in the one case was often useless in the other. 
• * * * In deep water, there were not only the oscillat- 
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ing surface-waves to be encountered, but also those which he 
had termed waves of translation, forming what were called 
rollers at the Cape of Good Hope, and when on a smaller 
scale, known as ground-swell. These were a much more 
troublesome class of waves ; it was mainly with them that 
the engineer had to deal, in places open to the Atlantic ; and 
after a storm of some duration at sea, they became the dead- 
liest enemies, in the cases of deep water, against which break- 
waters for harbours of refuge had to contend. These rollers, 
or groimd-swell, did not merely oscillate up and down, but 
backwards and forwards ; and they could not be eluded, or 
turned back, by giving to the wall a particular curve, suited 
to the form of a cycloidal oscillation. 

** These great waves of translation constituted a vast mass 
of solid water, moving in one direction with great velocity, 
and this action was nearly as powerful at a great depth as at 
the surface. They resembled the tidal bore 'of the Hooghly, 
of the Severn, or of the Dee ; they formed a high and deep 
wall of water, of great weight, moving horizontally with great 
force, and causing all floating bodies they met with to travel 
with them with great velocity in the same direction. As he 
had before mentioned, they could not be eluded, or diverted, 
they must be. stopped; and therein consisted the difficulty. 
The only certain way of effecting it, was to oppose to these 
waves a mass of matter so much heavier than themselves, 
that they could not move it. By so doing, the waves were 
compelled either to roll over the obstacle, in which case they 
would create a new wave inside ; or they must be made to 
break on themselves backwards, which required enormous 
power ; or they must be completely reflected, which, perhaps, 
required the greatest force of all. 

" To reflect or send back the roller was the most effectual 
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plan. For this purpose, nothing more was necessary than a 
deep perpendicular face of perfect masonry, and so long as it 
stood firm, it was faultless, and the water inside was smooth 

• 

as in a mill-pond ; for the reflection really converted the whole 
eflfect of the roller on itself into a simple pressure of water. 
When such a wave was reflected on a perpendicular wall, it 
merely produced a hydraulic pressure, equal to that due to 
little more than double its own height A roller, 20 feet in 
height, would produce a pressure of about a ton per foot, and 
it would be reflected by a vertical waU of moderate dimensions. 
He had, therefore, no hesitation in saying, that, cost apart, a 
wall of vertical masonry was the best while it lasted. The 
primary cost of erecting a vertical wall of perfect materials 
W8ts, in most cases, so great as to put it out of the question, 
setting aside the important point of durability, which was 
also cost in a serious form. A vertical wall of masonry had, 
however, this great disadvantage ; if the sea found out a weak 
place, it would enlarge it much more rapidly than in an 
inclined wall. He had seen a stone of small size show symp- 
toms of crumbling at the beginning of winter, and in one 
week the little hole of single defective stone was converted 
into a circular breach, nearly 30 feet in diameter. An inclined 
wall, he had ascertained, would reflect a roller, or deep wave, 
nearly as well as a veiiical wall, down to an inclination of 
45°. This observation was of value, because at 45°, large 
blocks, judiciously placed, would not move out of position, 
even although a considerable breach w^as made in the wall 
near them. He had carefully watched the action of the sea 
when approaching this slope, and his opinion wels favourable 
to the trial of a wall of heavy rubble blocks fairly laid, so as to 
form a tolerably even face, or slope of 45° when the nature 
of the materials and the local circumstances w^ould permit. 
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" When any approximative attempt at reflection of the 
wave, by walls not too remote from the vertical, had to be 
abandoned, recourse must generally be had to breaking the 
wave. This was a formidable thing to attempt on a deep-sea 
roller ; and it could only be done by opposing mass to mass. 
For this purpose he had ventured to recommend that the 
forefoot of the beakwater should be rounded ofif, and that the 
shape of the breakwater should be convex. The intention of 
this was, to cause the front wave to begin breaking at the 
earliest moment, to make the breaking last as long as possible, 
and thus to render the diminution of its momentum as com- 
plete as was practicabla In breaking a wave, it was very 
important that it should be made to break on the water, and 
not on the stones ; and the convexities given to the foreshore 
accomplished this object, by causing the waves to begin break- 
ing as far out as possible in deep water. The form for break- 
ing a deep roUer should be entirely distinct from that used 
for meeting a superficial- oscillating wave ; the one should be 
concave, the other convex. The Digue, or breakwater of 
Cherbourg,* showed an approximation to this form. A 
breakwater, to succeed in breaking the long waves of trans- 
lation, rolling in from deep water after a storm, should have 
a long convex slopa 

" The practical construction of breakwaters was, however, 
scarcely confined either to resisting deep-sea rollers, or waves 
of translation, or to procuring the means of stopping the 
progress of common sea waves, or mere surface oscillation ; it 
usually combined both of these objects. It might, therefore, 
be considered as the general problem of a breakwater — first, 
to stop out the great wave of translation, and secondly, to 
still the oscillating surface-wave. A vertical wall effected 

• Ftde Plate VII. 
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both these conditions, and so also did a convex sea-slope with 
a vertical pier. But the best plan of all was, first to cany np 
a convex sea-slope of rubble to near the surface of the water, 
and thus break the force of the heavy ground-swell, that would 
sweep ships from their anchors, and lay them high and diy on 
a lee shore. This would allow the wave to break to pieces on 
itself, and to expend its force in raising so much water as re- 
presented its momentum to a height above its former place 
sufficient to exhaust its power ; in other words, to expend its 
power on water. Secondly, to carry up from the top of the 
rubble slope a wall slightly inclined, to reflect the waves of 
oscillation near the surface, which could do no harm if quietly 
resisted and sent back. This plan seemed to be that which 
had been found to answer best in practice. He further con- 
sidered, that making a step backwanls in the upper work of a 
breakwater was of great value in preventing the tops of the 
waves from going over. He had carefully watched the effect 
at Marseilles, and his obserwition had confirmed the opinion 
he expressed in ftivour of it in 1847. 

" These views of the nature of the forces to be resisted in 
breakwaters, and the methods of dt-aling with them, showed 
the inefficiency of what wore called floating breakwaters 
Large floating masses would certainly intercept oscillating 
waves of a small depth, and in moderate weather they woidd 
often still the water. The lee side of the *' Great Eastern," 
when Ivin;: at Holvhead, aflorvled excellent anchorage for 
small vessels, in light breezes. r>ut when the great roller, 
the one great wave of translation, came, the anchors snapped 
at once, showing the danger which would have been incurred 
had she Ix-en moored broadside to the roller, instead of offering 
to it the small resistance of her fine bow. Xo known force 
could effectively secure a large floating bivakwater broadside- 
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on to a heavy ground-swelL It would move horizontally with 
the wave of translation, which would propagate itself along the 
bottom, just the same as if the breakwater was not there." 

Examples of BuVblc Breakicatcrs. — According to Sir John 
Bennie {Account of Plymouth Breakwater), rubble breakwaters 
with slopes formed at the angle of repose, were adopted by the 
Greeks in the moles of Tyre and Carthage, and by the Eomans 
at Athens and Halicamassus. The same design was also 
followed at Venice, Genoa, Eochelle, Barcelona, and other 
places. In this kingdom the first example on a large scale 
which we find is at Howth. Kingstown (Plat« VH.)* Holyhead, 
and the noble breakwater at Plymouth (Plate VIII.), were after- 
wards carried out on the same principle, chiefly under the 
directions of the late Mr. Eennie. The great national harbours 
of refuge at Holyhead and Portland (Plate VTII.), formerly 
under the late Sir. Rendel, and latterly under Sir John Hawk- 
shaw and Sir John Coode, are on a similar principle ; while 
those of Messrs. Walker and Burgess, at Dover and 
Aldemey, are either nearly vertical or composite (v^idc Plate 
VIII.) 

Proportions of Breakicatcrs. — The following table of the 
principal proportions of some of the most remarkable break- 
waters may be found useful as a guide in designing works of 
a similar kind : — 
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Name of Breakwater. 






Joliette, Marseilles 
Algiers .... 

Holyhead . . . 

Marseilles (new) . 
Portland . . . 
Aldemey . . . 
Dover .... 
Plymoath . . . 



Depth of water 
in fathoms. 



5to6 
6to9 

6to7 

6 to 6.6 

8 to 10 

8.8 

6.6 to 8.8 

6.6 to 7.6 



Coat per lin. foot. Cost per Ud. yard. 



£72 
122 

About £160 

109 

116 to 120 

170 

860 

200 



£215 
366 

480 

328 

348 to 360 

510 

1080 

600 



Remarks. 



No rubble, 
all large 
beton 
blocks. 



Convict 
labour. 



Although some of these prices have given rise to length- 
ened discussions as to the comparative economic advantages 
of the various designs, I fear that the results have not been 
of much value, on account of the dififerent degrees of exposure 
and of depth of water at the various places. The economic 
values may perhaps be arrived at in a more satisfactory 
manner, although still but only very approximately, thus : — 
When X = the price per foot of depth, p = the price per lineal 
foot, and d = the depth in feet at high water. 

P 
d 

The results calculated in this manner are arranged in order 
of their costs in the following Table : — 





Depth in 


P 
d 


Name of Harbour. 


feet at high 
water. 


in £ and 
dec. 


Portland .... 


62 


£1.90 


Joliette . 






85 


2.06 


Algiers 






42 


8.00 


Marseilles (new) 






35 


3.10 


Pljrmouth 






58 


8.45 


Holyhead 






36 


4.40 


Aldemey 


J 




37 


4.60 


Dover .... 


88 


9.47 



H 
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From thii TieTr of tLi stLbj^ect tlte plumb pier of Dover 
v^f^^finx^ to b«E; by £^ the most coetlj. 

Jjiff^r€7U FrojoUJi for a>iu£ryLetijig Harioun of Befugt, — 
Atun tbe general opinions that have alieAdy been expressed, 
ami in anticipation of what follows, legaiding the action of 
the waves, and the choice and relative doiabilitj of different 
materials, it is not necessary to describe the projects for con- 
structing harbour works which have from time to time been 
brought for\i'ard by amateur engineers^ So feir as my experi- 
ence has gone, I incline a good deal to the opinion, that until 
ctierniiitry discloses to us some new process for uniting to- 
gether or for protecting our materials, we need not look for 
any rcfyfjU road to harbour-building, though I should be far 
from discountenancing any attempts at improvement^ fit)m 
whatever quarter they might come ; and here I would remark, 
wliat will be afterwards referred to, that the hydraulic pro- 
perties of Portland cement go far to meet the difficulties arising 
from want of continuity in marine masonry, at least above the 
l(jvcl of about lialf-tide. 

TIk; same remarks as to novel designs do not of course apply 
to (jtlioiH made by those who are professionally acquainted 
with the subject ; but I have no wish to sit in judgment 
on th(5 merits of any indivuhml design, whether made by 
(•ngiiuiers or others, as such a course might lead me to express 
uiifuvoiirable opinions on some points. I will therefore only 
give a very brief description of some of these, leaving the 
riMulor to form his own judgment as to their relative merits. 

Viiiical WixvC'Scrcens, — Isolated piles of timber or iron, 
placed at certain distances apart, have been proposed as 
breakwaters by Captain Vetch, RE., and Captain Calver, RN. 

Captain Calver proposes to form a breakwater, or, as he 
tornis it, a wave-screen, consisting of a row of vertical piles 



upon 
brhUe 
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HARBOURS IN DEEP WATER. 99 

;veu into the bottom at certain distances apart. Tliey are 
io be united horizontally by iron runners, and supported 
laterally by sloping struts having large iron shoes attached 
at their lower ends for entering and abutting against the bottom, 
while their upper ends are proposed to be connected with the 
main upright piles by swivel joints, to admit of their being 
placed at any angle. The shorter of the stmts is to abut 
upon the main upright a little above the level of low water, 
'hile the longer one is to abut upon the main pile at a coi^ 
mding height above high water. A abort chain extends 
to the longer strut from near the place where the lower strut 
joins the main upright. At the top the main piles are con- 
nected together by a nan-ow continuous gangway with hand- 
outside. The piles are proposed to consist either of timber 
of wrought iron. The screen is intended for a low-water 
ith of 36 feet) a tidal rise of 15 feet, and a maximum wave 
15 feet. The gangway is to be elevated about 14 feet above 
undisturbed high-water level. The shoes of the struts 
to be of a peculiar shape, so as to present a vertical flat 
Face to the soil in which they are buried. These struts 
not to be driven into the soil, but are to be "buried 
,eath the surface by the tidal current." Captain Calver 
iticipates that the strength of this framing wiU be greatly 
ire than sufficient to withstand " any force that could 
possibly be brought against it" For a full description of the 
structure and of the merits claimed for it, the reader is re- 
ferred to Captain Calver's ""Wave-Screen," [published at 
London in 1858, which contains much interesting information 
relating to the subject of harbours. 

ff oriental Waae-Scrcens. — Mr. Bnmlees recommends a 
.water and pier of cast and wrought iron. The piles 
intended to be placed zig-zag, at an angle of 90°, with 
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the view of increasing the strength of resistance. The piles 
are to be sunk, where the soil is sandy, by the hydianlic 
process, which was successfully used by him for sinking the 
Morecambe Bay Viaducts. The spaces between each pile 
are to have horizontal louvre boards attached, and, as the 
spaces are short, the louvre boards are intended to be of cast- 
iron. The space between low water and the bottom is left 
comparatively open, with the view of avoiding interference 
with the run of the tides. 

Mr. M. Scott has suggested a combination of horizontal 
wave-screens with a rubble base ; the construction and advan- 
tages which he claims for it are thus described by him :* — 

"In the case of deep water, and where stone is to be 
readily obtained, a bank of rubble might be deposited, rising 
to within, say 15 feet, or more, of low-water mark, the height 
of the bank varying with the circumstances of the locality. 
tJpon this bank it is proposed to build a face wall, up to low- 
water mark, and behind this wall, long counterforts, the upper 
surface of which would rise from low water, at an inclination 
of about 2 to 1, and extend back for a distance dependent 
upon the amount of slope rendered necessary by the magni- 
tude of the waves. These counterforts would be placed at 
sufficient intervals, say of 20 feet, so as to be conveniently 
spanned by iron girders, and the w^hole of the sloping surface 
would be converted into a sort of gridiron, by girders laid from 
pier to pier, the upper flanges being about 1 foot wide, and 
the girders laid at intervals of about 18 inches. 

" Supposing such a breakwater to be erected and exposed 
to a heavy sea, if the waves are not breaking, the water would 
be projected up the slope, and would drop through the spaces 
between the girders ; and if the waves are breaking, they will 

• Minutes of Institute of Civil Engineers, 1860, p. 649. 
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rush up the slope as a confused mass of water, dropping 
through on their passage. But, although it is anticipated 
that the great bulk of the water would pass through the 
grating and not return to the foot of the slope, the operation 
would be gradual and be diffused over a considerable surface, 
so that a wave would not be reproduced inside. Tlie only 
effect would be a stream of water into the harbour, and in 
this particular, the proposed form differs in principle fix)m all 
vertical screens, or gratings, which, by permitting the waves 
to pass through, at the same instant of time, have not the 
effect of destroying the undulation. The breakwater should, if 
possible, be placed at an angle with the direction of the greatest 
sea, so that a wave should not only run up the slope, but 
along it, diffusing itself in this manner over a much larger 
area." 

Timber Breakwaters in Deep Water. — Mr. Abemethy and 
Mr. M. Scott have proposed to apply to harbours of refuge in 
deep water the timber-box principle, which has been long in 
use for tidal harbours, to which reference will afterwanls be 
made, and of which drawings will be found in Plates IX. and 
X. Mr. Scott suggests that the structure may be formed by 
simply resting frames of timber upon the bottom, without 
having any piles driven into the ground, a plan which h^s 
been carried into execution on shallow water at Blyth (Plate* 
IX.) 

Mr. Scott has also described a method of making the 
bottom of the structure flexible, so as to admit of its resting 
fairly on the ground. The floor beams are for this purpose 
made in pieces of small length, being placed single and double 
alternately, and connected together with bolts so as to adapt 
themselves approximately to the irregularities of the bottom 
on which they are to rest. 
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AxaHaVA Caf-nci.hj of ffarf^jurs of B^fugt. — ^Mr. Mather 
remarks * that smaller vessels require 40 fathoms, while ships 
of 200, 300, and 400 tons rerinire W to SO fathomsi, and giving 
room to swing clear of anchors, 150 vessels woold fill up 
470 acres of 18 feet and upwards, and 325 of 12 feet and 
upwards. 

ThU would give as a mean 5"3 vtssils ptr acre. 

Minard allows for large merchant vessels one cable-length, 
which would give al</ut 4 i>:ss€U per acre. 

Captain Calver allows three vessels per acre for a small 
sheltered harbour of refuge. 

AvnVahh Capacity of Anchorages and Natural Bays, — ^At 
Cardiff Flats there were at one time 224 vessels beached as 
close to each other as they could well be, in an open road- 
stead, and occupjring a space of 560 acres, at the rate of 4 
vessels per acre. 

* Ships and Gales, bj J. Mather : Londoo, 1858. 



CHAPTER VII. 

DESIGN 0^ PROFILE, ETC., FOR TIDAL HARBOURS. * 

Weight befterthan Strength — Lighthouse Masonry — Effect of Configuration of 
Rocks — Forces from outside of Masonry — Horizontal Force — Cavettos and 
String-Courses — Rise of Spray — Vertical Forces — Back Draught — Forces 
within Masonry — Piers of insufficient Width — Rarefaction of Air — Rock 
Foundation — Durability and Streugth.of Rocks — Profile with large 
Materials — Profile with small Materials — Properties of Rocks — Profile of 
Conservancy — ^Walls of Horizontal- and Vertical Profile — Clay Foundation 
— Application of Principles. 

Having considered the few facts wliich have been ascertained 
regarding the action of the waves in the open ocean, I shall 
now direct the reader's attention to their effects in shallow 
water. The undulations in deep water are chiefly wliole waveSy 
and regarded by many as being purely oscillatory, while those 
in shoal water are breaking waves, and therefore regarded by 
all as waves of translation. We have hitheiiio been consider- 
ing outer breakwaters erected in deep water, and which are 
constantly exposed to the waves ; we now turn to piera and 
sea-walls which are placed within the range of the breaking 
surf, and which are exposed to its force for a limited period 
only, being sometimes left nearly or altogether dry by the 
receding tide. 

Stability better attained hy Weight than by Strength of 
Materials. — In dealing, then, with waves which are by all 
admitted to exert a true percussive force, the question arises 
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as to how this force may be best resisted — whether by oppos- 
ing to it dead weighty or a comparatively light structure, the 
stability of which is dependent on strong fixtures connecting 
it with the bottom. I cannot do better than quote the follow- 
ing remarks on this subject by the late Mr. Alan Stevenson, 
which were made \\dth reference to the stability of lighthouse 
towers, but which apply more or less to every work which is 
placed within reach of the waves : — 

"A primary inquiry in regard to towers in an exposed 
situation, is the question whether their stability should depend 
upon their stretigth or their weight; or, in other words, on 
their coliesioii or their inertia ? In preferring weight to strength 
we more closely follow the course pointed out by the analogy 
of nature, and this must not be regarded as a mere notional 
advantage, for the more close the analogy between nature and 
our works, the less difficulty we shall experience in passing 
from nature to art, and the more directly will our observations 
on natural phenomena bear upon the artificial project. If, 
for example, we make a series of observ^ations on the force of 
the sea as exerted on masses of rock, and endeavour to draw 
from these observations some conclusions as to the amount 
and direction of that force as exhibited by the masses of rock, 
which resist it successfully, and the form which these masses 
assume, we shall pass naturally to the determination of the 
mass and form of a building wliich may be capable of opposing 
similar forces, as we conclude with some reason that the mass 
and form of the natural rock are exponents of the amount and 
direction of the forces they have so long continued to resist. 
It will readily be perceived that we are in a veiy difierent, 
and less advantageous position, when we attempt, from such 
observ^ations of natural phenomena in which weight is solely 
concerned, to deduce the strength of an artificial fabric capable 
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of resisting the same forces, for we must at once pass from 
one category to another, and endeavour to determine the 
strength of a comparatively light object which shall be able 
to sustain the same shock which we know by direct experience 
may be resisted by a given weight. Another very obvious 
reason why wne should prefer mass and weight to strength as a 
source of stability is, that the effect of mere inertia is constant 
and unchangeable in its nature, while the strength which 
results even from the most judiciously disposed and well 
executed fixtures of a comparatively light fabric, is constantly 
subject to be impaired by the loosening of such fixtures, 
occasioned by the almost incessant tremor to which structures 
of this kind must he subject ii'ora the beating of the waves. 
Mass, therefore, seems to be a source of stability, the effect of 
which is at once apprehended by the mind as more in harmony 
with the conservative principles of nature, and unquestionably 
less liable to be deteriorated than the strength wliich depends 
upon the careful proportion and adjustment of parts."* 

Moveinent of Liij}Uh(mse Masonrj/. — Although there is a great 
difference between the action of the sea on the masonry of 
harbours and of lighthouses, yet in both cases we have the same 
agent to deal with, and we know that if a given diameter of 
tower prove insufficient for the perfect masonry of a lighthouse, 
the breadth corresponding to that diameter must a/oriiari be 
insufficient for a harbour with a similar exposure. In briefly 
adverting to some peculiarities of one or two of these structures, 
■ we shall farther learn how difficult it is to arrive at a correct 
L appreciation of the exposure of different localities. 
J In November 1817, the waves of the German Ocean over- 

turned, just after it had been finished, the Carr Eock Beacon, 

• Account of till! Skenyvore LigUlIiouso. By Alan Steveusoa, LL.B., 
7.B.S.E. EdinburgL, I8JS. 
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a column of freestone 36 feet high and 17 feet at the base, 
which was the largest size that the rock would admit o£ The 
diameter at the level of high water was 11 feet 6, and at the 
plane of fracture 12 feet 9. 

Modifying Influence of the Configuration of the Bock on 
Breaking Waves. — ^When the history of this beacon is con- 
trasted with the records which have been preserved of the 
extraordinary structures that were erected on the Eddystone 
by Winstanley, we cannot help suspecting that that rock must 
be of peculiar configuration, by which the force of the waves 
against the buildings which have been successively erected on 
it, is modified, or to some extent diverted The elaborate, 
though unsuitable design of Winstanley {vide Plate XIL) 
withstood the assaults of no fewer than eight winters. As 
the additions whicli he made from time to time to his original 
tower were in many instances an3rthing but improvements, 
it may be questioned whether its fate (which was the result 
of an almost preternatural storm) was not accelerated by those 
injudicious alterations. His first year's work was a tower 12 
feet high and only 14 feet diameter at the base, yet this stood 
during the whole of the first winter. The next year it was 
increased to 16 feet at the rock, aj^olygonal form being adopted, 
with an open gallery and vane with large ornamental scrolls, 
in all a height of 80 feet. This also stood for a winter. The 
next year it was increased to 20 feet at the rock by an outer 
ring of masonry, and the extreme height was raised to 120 
feet. The open gallery and polygonal form were stiU retained ; 
and numerous obstructive stages, a bluff projecting house for 
fishing, square chimneys, and colossal scrolls, were added. In 
spite of its great leverage and the extent of its surface, this 
uncouth structure, above which the sea was said to rise more 
than one hundred feet, stood, strange to say, for other four 
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years, and disappeared only in November of the fifth winter, 
during one of the greatest storms ever experienced in this 
country, and of which I have already given an account in 
Chapter II. — from the records of which I think it may fairly 
be questioned, whether Winstanley's work was really knocked 
down by the sea, or was overturned by the violence of the 
wind.* The next lighthouse was Rudyerds, which at the level 
of the top of the rock was about 22 feet diameter, with a 
height of about 80 feet, and although consisting wholly of 
timber, stood forty-six years, when it was unfortunately de- 
stroyed by fire. It is farther remarkable that, while at the build- 
ing of the Bell Hock, three stones, all dovetailed, wedged, and 
trenaUed, were lifted after they had been permanently set, 
and at the Carr Rock Beacon, twenty-two stones were displaced, 
there was no instance of any but loose, unset blocks having 
been moved during the erection of the Eddystone, although 
the stones were of very similar weight, and fixed in much the 
same manner. Smeaton mentions that "after a stone was 
thus fixed we never in fact had an instance of its having been 
stirred by any action of the sea whatever."-f During the third 
winter at the Carr Rock, nine stones, half a ton in weight, 
which were dovetailed, wedged, and trenailed, were removed 
at ihe level of loio-^vater neaps. The trenails were all broken. 
At 21^ feet above ihe mean level of the sea five stones were in 
like manner moved, and during the fourth winter seven other 
stones were moved at a height of three feet above the higJi-ivater 
level. There seems, therefore, good reason for believing that 
the form of the Eddystone rock shelters to some extent the 
structure that rests upon it. I may also mention that my 

• An Historical Narrative of the Great and Tremendous Storm which 
happened Nov. 26, 1703. Lond. 1769. P. 148. 
t Account of the Eddystone, p. 132. 
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friend Captain Fraser, who was lately engaged in the arduous 
work of erecting a lighthouse on the Alguada reef in India^ 
entertains somewhat similar views regarding the Eddystone 
rock. 

Additional and very remarkable corroboration of these 
views has also been recently afforded by the experience de- 
rived in the course of construction of the Dhuheartach light- 
house, which was finished in 1872, after having occupied five 
working seasons. 

The Dhuheartach rock lies about 15 miles to the W.S.W. 
of lona in Argyleshire. It is 220 feet long and about 30 feet 
high, the tower being raised to the height of 130 feet above 
the sea. The rock is everywhere surrounded by deep water, 
and it is of an eUiptical form. During a summer gale/(mrfoe» 
stones, each of two tons, which had been fixed in the tower by 
joggles and Portland cement at the level of 37 feet above high 
water, were torn out and swept ofi* the rock into deep water. 
( Vide Plate XIII.) 

Now it is a remarkable fact that the level above the sea 
at which these blocks were removed by a summer gale is the 
same as that of the glass panes in the lantern of Winstanley's 
first lighthouse, which nevertheless stood successfully through 
a whole winter's storms. And in the tower, as last constructed 
by Winstanley, there was an open gallery at the same level 
as the former lantern, above which the cupola and lantern 
were supported, and which stood for four winters. In other 
words, at the same level at which thin panes of crown glass 
stood successfully for a winter at the Eddystone, and at wliich 
for other four winters the open gallery with closed-in cupola 
above stood without damage, the fouileen joggled stones of 
two tons each were swept away at Dhuheartach. 

The conclusion, then, which is faii'ly deducible from these 
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facta is that the impact against a ligfUfumse depends upon the 
relation subsisting between the hdglU of the waves at the place 
and the height arid configuration of the rock ahove and below loto 
loaier, and pa-haps also on the configaraiion of the bottom of 
the sea ai the place. 

Thus, while the rock at Dhuheaitach, from its height above 
the waves, forms a protection i^ainst the smaller class of waves, 
it operates as a dangerous conductor to the largest waves, 
enabling them to exert a powerful action at a much higher 
level than they would attain had the rock been lower. Hence 
the fact that the highest levels at which set stones were moved 
at the Carr Eock was 3 feet above higb water, and at Dhu- 
heartach 37 feet above high water, may be accounted for by 
the different configurations of the rocks, without assuming 
that the waves are exceptionally high at Dhuheartach. Plate 
XIII. will be found to exhibit an interesting view of these 
and other similar lighthouses, all laid down to the same 
scale. 

It is of great importance that these facts should be hept 
in view, and that the Eddystoue should not be regai-ded as a 
safe model for imitation at all rocks which are exposed to a 
heavy sea. 

Different Forces u'hieh assail the Masonry of Harhour 
Works from the oiUside. — The detei-mination of the stability 
of a practically nionoUtbic mass, such as the Eddystone or 
Bell Kock Lighthouse, though difficult enough, is, however, of 
a simpler nature than that of the disconnected materials of a 
harbour work. In the masonry of lighthouses the sea is ex- 
clnded from the joints of the stones, but in most harbour 
works the jet of water enters freely into the interior of the 
masonry, and introduces such complexity into the question as 
render it impossible, at least in the present imperfect state 
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of our information, to give any rules for directing the engineer. 
I can only, therefore, simply point out the nature of the differ- 
ent forces which enter into the question of the stability of 
such loosely bmlt structures, so as to show in what directions 
the sea attacks the work. The impact of the waves against 
the outside of a sea-wall or pier gives rise to four distinct 
forces, namely — 1st, The direct horizontal force which tends 
to shake loose, or drive in, the blocks of which the masonry 
consists. 2d, The vertical force acting upwards on cmy pro- 
jecting stone or protuberance, as well as against the lying beds 
of the stones. 3d, The vertical force acting downwards, which 
results either from the wave breaking upon the toe of a talus 
wall, or from its passing over the parapet, and falling upon 
the pitching behind, so as to plough it up. 4th, The lack- 
draughty which tends by reaction from the wall to remove 
the soft bottom, and in this way to undermine the lower 
courses of the work. 

It may be concluded from the above that the points which 
require to be most attended to are — ^the contour and quality 
of masonry of the wall itscK— the parapet, which, if not of 
proper form, or of insufficient height, leads to damage in the 
pitching behind it ; and lastly, the foundation-courses, in the 
desi'ni and construction of which, if similar precautions be 
not attended to, underwashing of the bottom may in some 
situations take place, so as to leave the lowest courses with- 
out protection. 

1. Horizontal Force against Sea- Walls — Flush Dynamo- 
meter— Observations on Force at different heights,— In 1858 I 
made some experiments at Dunbar, which were contmued till 
the completion of the new wall there, in order to ascertain the 
rclative forces exerted at different levels. The first series 
becnm with the old cur\'ed sea-wall (Fig. 15). For this pur- 
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poee it was necessary to sink the dynamometers into the 




Fig. 15. 



masonry, so that their discs should be nearly flush with the 
line of wall As Figs. 16, 17 represent those flush dynamo- 




tTg. ItJ. Elevation. 

meters both in elevation and section, no description of them 
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seems necessary. The holes a a a. Tig. 17, shown in the nnder 




side of the rod, were made for holding shot which was expected 
to drop out when the rod was pushed so far out as to leave 
them unsupported. This arrangement, which promised to be 
a good check on the indications of the leathern index, was 

not, however, found to auswer, but my friend Mr. Alan Breb- 
ner, C.E., has suggested that a cylinder of wax might indicate 
well liy having its surface scratched by a ueedle attached to 
the movable end of the spring. The cavities in the stone into 
which the flush djTiamometers were sunk were made larger 
on the upper side than was necessary for holding them, in 
order to form at the top a reservoir for air, the compression of 
which on the impact of the wave against the disc permitted it 
to pass inwards on the stroke of the wave. Owing to a most 
unfortunate uncertainty regarding the readings of some of the 
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matrumeiits employed in these observations, and which was 
only discovered when the results, extending over a period of 
years, were examined for reduction, it would not be waiTant- 
able to deduce from them any rule or fonnula. The source of 
error having been now discovered, other results, on which full 
reliance can be placed, will, it is hoped, be obtained ; but the 
lines hb,cc,dd (Fig. 15), may 
be held to represent generally 
the nature and directions of 
the forces. 

Before leaving this part of 
'the subject I may refer to the '\/ 
action of the waves of the tide- 
less Mediterranean. When in 
Italy in 1864 I made the ac- 
companying sketch (Fig. 18), 
which shows the scooping out of 
the solid rock during the lapse of 
an unknown number of centuries on the coast between Men- 
tone and Ventimiglia, and which illusti"ates well the sudden 
reduction of force which it is known takes place inuncdiately 
below the water level 

In 1838 I made several cross sections of the forms which 
the waves scooped out of the clay banks of the Bristol Channel 
at Cardiff moors. Fig. 19 represents the general form of 
profila 

2. Observations on Vertical Force. — Simultaneously with 
the other observations at Dunbar, two marine dynamometers, 
of the common construction (a, Fig. 15), were fixed to a piece 
of wood which was bolted to the top of the cope of parapet 
The instruments were fixed with their discs projecting over 
the edge of tlie cope, and pointing downwards so as to ascertain 
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the upward force of the ascending body of water and spray. 
The Tiiaximum vertical force recorded at the cope of the wall, 
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Fig. 19. 



a, Fig. 15 (23 feet above the sea at the time that the observa- 
tion was made), was upwards of one ton (2352 lbs.) per super- 
ficial foot, while the greatest Jiorizontcd force recorded by the 
highest of the flush dynamometers, which was fixed 18 inches 
lower in the stone immediately below the cope, never exceeded 
28 lbs. The great vertical force at and near the top may at 
first sight appear to be somewhat anomalous, but it must be 
recollected that the discs of the dynamometers were in the 
one case parallel, and in the other opposite, to the line of 
du'ection of the particles, as altered by the wall TJie vertical 
force tcmling to raise the cope of this sea-icail is therefore dboiU 
84 times greater than the liorizontal force tenditig to thrust it 
invmrds. This shows that the higher the spray is allowed to 
rise tlie less force will be exerted horizontally against the 
masonry near the top, unless any part of it projects beyond 
the face of the wall. Therefore, to make what may be called 
an easy wall for the sea, the outer edge of the cope should be 
slightly rounded, or the stone itself should be set an inch or 
two back from the face of the wall. 

Danger from Cavcttos and String-courses on Sca-Wcdls. — 
It follows further from these obser\'ations that not only should 
all overhanging string-courses be avoided, but that even very 
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rough ashlar stones with large protuberances on the seaward 
face are undesirable. At the harbour of Stonehaven (Fig. 20) 
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Fig. 20. 

a •'string" or "bottle" course had to be hewn ofiF, in order to 
prevent the concussions which took place during storms, and 
which were so great as to shake the superincumbent masonry. 
Even such small objects as an upright pole have been found, 
from their leverage, by their catching the spray, to disturb 
the masonry to which they were fixed. This was proved at 
Gockenzie, East Lothian, where a flagstaff had to be removed 
on account of its shaking the parapet when the waves 
struck it. 

Observations of Rise of Spray on Vertical and Curved Walls. 
— In connection with the Dimbar experiments, it may be 
added that the spray — on an average of seventeen observations 
taken roughly — rose on the hollow curved wall about seven times 
higher than the waves which projected it, and on the vertical 
toall, taking a mean of twenty-three observations, it rose 6.6 
times higher. 

3. Vertical Force acting Dovmwards — Damage to Roadway. 
— ^The water, after striking upon the sea-wall, rises in large 
volumes above the parapet, and, descending with great force, 
dashes against the pitching of the roadway. If the pitching 
stones are not sufficiently heavy and closely assembled, they 
may be ploughed up by the descending water, when the 
interior of the work is at once laid open to the destroying 
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element. The late Mr. James Bremner, of Wick,* thus 
describes the disastrous consequences which resulted from the 
breaking up of the roadway pitching of the old harbour of 
Pulteneytown, and the manner in which he protected it from 
after damage. "By the 20th of September in that year" 
(1827) " the whole operations would have been substantially 
completed, but, on the 10th of that month, a violent storm 
arose, during which, notwithstanding of precautionary means, 
which he had always pix)vided against ordinary storms, by 
blocking up and forming substantial obstructions against the 
sea, for temporary defence, an extent of building of not less 
than 100 feet of the breakwater-head was, during one tide, 
swept away, and reduced to the level of the water." 

" To prevent the recurrence of such misfortunes, the author 
reared a wall, of lai'ge rough stones, under the parapet ; he 
compacted the roadway pitching with fir-wood wedges, on 
which cills 1| inch broad, running along the roadway, were 
spiked down at distances 10 inches apait. On these cills, 
boards of an inch thick were fixed, and closely joined together, 
the outer ends lying to the foot of the parapet, while the inner 
ends reached half-way over the coping of the front wall, so 
that the sea, falling over the parapet, was not permitted to 
touch the pitching." 

4. Horizontal Force of tJw Back Draught of tlic Wave. — 
Dynamometers having their discs faciwj tM ivoM were fixed 
to a pile placed inmiediately outside of the foundation of the 
Dunbar bulwark, wliUe others were fixed to the same pile with 
their discs pointing seawards. On one occasion, owing no 
doubt to the concentration of the watery filaments by the sea- 
wall, the force of recoil was equal to one ton, while the direct 

* See Treatise on the Planning and Building of Harbours, etc. By James 
Bremner, M. I. C. E. Wick, 1845. 
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force of the waves before tbey bad readied the wall was only 
7 cwt, per square foot, or the force of recoil icas equal to three 
iijnes the direct force. 

Destructive Fwces acting within the Masonry, — Within the 
masonry, as well as without, the waves exert force in the 
following different ways: — lat,Ey the propagation of vibrations 
produced by the shock of the waves on the outer or sea-wall, 
through the body of the pier to the inner or quay-wall ; 2d, 
by the direct communication of the impulses through the 
particles of the fluid occupying the interstices of the hearting, 
so as to act against the back joints of the face stones of the 
quay ; 3d, by the sudden condensations and expansions of the 
air in the hearting, so as to loosen, and at last to blow out, 
the face stones of the quay, combined with, 4th, the hydrostatic 
pressure of the water, which is forced through the sea-wall, 
and, from want of free exit, is retained and acts as a licad at 
the back of the quay, and which, however small in quantity, 
■will, as in a Bramah press, act upon all surfaces exposed to its 
pressure, however great those surfaces may be. The three 
last causes are probably the most efficient agents in the work 
■of destruction. 

Examples of Piers of Inmffi^ictit Width destroyed by Forces 
,^Uting witJiin the Masonry. — ^Althougb, with the single excep- 
tion of Wick breakwater, there is no instance on record of any 
pier being overturned by one stroke of the waves, and it may 
generally be concluded that, in all ordinary exposures, harbour 
works capable of afford ing the accommodation required for sliip- 
ping will necessarily possess sufliicient mass to resist destruction 
in this wholesale manner, yet many instances have occurred of 
large portions of masoniy being moved ere masse by a single 
tke of the sea. As an example occurring in a comparatively 
sheltered locality, we may adduce the harbour of Millport iu 
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the Isle of Cumbrae. In December 1862, Mr. Jamieson, the 
harbour master, was on the pier when a very heavy wave struck 
the parapet with most unusual violence, throwing up a jet of 
water which he described as " half spray, half solid," to the 
height of 10 or 12 feet above it. The wave covered that part 
of the roadway at the outer end which had not the protection 
of a parapet to the depth of about 18 inches, and moved (not 
rolled) a mass of sheet lead weighing 12 cwt. along its surface, 
until it came in contact with one of the mooring pauls, which 
arrested its motion. On examining the masonry, which he 
did as soon as the waves would permit, he found that a large 
portion of the parapet had been thrown back 

While the parapet remained in the same state in which 
the storm left it, I had an opportunity of measuriog it with 
Mr. Jamieson, and found that 33 feet in length had been bodily 
thrust backwards to the maximum extent in the middle of 4 
inches. The level of the bottom of the parapet was, according to 
Mr. Jamieson, about 7 feet above ordinary springs, and I found 
it to be 6 feet 3 inches above the level of the Upas or barnacle 
shell. The masonry, which is freestone, was all joggled with 
cubes of greenstone, and there were side straps on the copa 
The parapet, 5 feet 5 inches in height, consisted of five courses 
including the cope, and Mr. Jamieson said it was nearly of 
solid aslilar, there being hardly any rubble hearting. 

It sometimes happens that from the forces acting within 
the face-walls to which we have referred, serious damage has 
resulted if the pier be of insufficient ^\ddth. One case of this 
occun-ed at an exposed port on the east coast of Britain. 
Without entering upon the details of this work, it is sufficient 
to mention that the pier, which had a sea-wall curved vertically 
to a radius of 32 feet, received much injury during the execu- 
tion of the work. As the damage gave rise to certain legal 
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questions between the contractor and the promoters, an 
investigation was made with reference to those questions, 
when the following interesting information was obtained. It 
was found, after the storm which occasioned the greatest 
damage, that of 230 feet of finished pier, about 120 feet had 
been demolished, and the materials formed a heap, the seaward 
fiace of which had assumed a natural slope or angle of repose 
of about 4 to 1. After a minute inspection of the j^arapet 
wall of that part of the pier that had been left standing, not 
the smallest appearance of failure could be anyAvhere detected. 
The seorwall was in like manner unaffected, with the exception 
of one or two points where some appearance of starting or very 
slight shifting was noticed. The pitching of the roadway was 
also quite sound and entire. But on turning to the sheltered 
side of the pier forming the qicay, the work presented a very 
dijGTerent aspect. This waU was veiy much shattered for a 
distance of about 140 feet. Most of the stones in the facework 
were skirted or cracked at the comei^s, and had evidently been 
moved in their beds to a greater or less extent, and some of 
them, at and near the middle courses or half-way up the wall, 
had been thrust out as much as f of an inch beyond the face 
line. It was found, on examining the heap of debris of that 
part of the work which had been thrown down, that the lower 
courses of the quay-wall for about six feet above the founda- 
tion had not been overthrown, though they were much 
shattered, and the general line of the masonry was also greatly 
distorted. The cause of the damage, in the opinion of those 
resident at the place, was want of strength in the quay-^vall 
to resist the forces which were propagated through the pier 
fix)m the outside. The truth of this statement was fully borne 
out by the fact that the damage occasioned \yy five different 
storms, had in every instance made its first appearance on this 
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I l.u -: •» rich did the damage, I was surprised on seeing jets 
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its presence evident by the jets of air and water, some of 
which extended into the basin of the harbour to probably 
20 feet beyond the front of the quay. The width of the pier 
(Fig. 21) waa 24 feet at the level of the roadway. During a 
severe stonn from the E.N.K which took place some time 
after the work was finished, the greater portion of this work 
wafi thrown down, and it was observed that the quay-wall 
waa at some places the o)ily part that gave way. The spray 
during the gale rose about 20 feet above the top of the para- 
pet. A sailor resident at the place stated that during the gale, 
but before any damage had taken place, he repeatedly saw 
water spouting up through tlie pitching (cloae to the cope of 
the quay-wall) to the height of about 16 feet above the road- 
way. This jet would of itself indicate a pressure against the 
back of the quay, even aa high up the wall as the cope itself, 
-of about half a ton on the square foot. 

Another instance of a similar kind was seen at a harbour 
1 the west coast of Britain (Fig. 22), where the length of fetch 



B only 40 miles. The breadth at level of high water was 
*'26 feet, and the workmanship seemed to be of good 
quality. In this case, the pitching was the first part that was 
seen to give way by those resident on the spot. It was forced 
upwards by the air and water in the interior. Ultimately 
the sea and the quay walls were also much damaged. 

Mitamaum Width of Piers in Cferman Ocean. — After compar- 
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ing different piers in the German Ocean where we have most 
examples, and from careful consideration of the other data> I 
should not feel disposed to recommend that vertical piers, 
fully exposed to the ordinary waves of that sea, should be 
less than from 35 to 45 feet broad at the level of high 
water. But of course this remark does not apply to 
anomalous cases where the sea is exceptionally high, but, 
as stated, to works exposed to the ordinary waves. 

Examples of Darruige from Earefaction of the Air oiUside 
of the Masonry, — Outer sea-walls, as well as the inner quay- 
walls, axe also liable to damage from pneumatic action ab 
infra. The sudden " Ixick draugTU " occasioned by the relapse 
of a heavy wave after it has broken against a building, pro- 
duces, according to the late Mr. Walker,* a certain amount of 
rarefaction in the surrounding air. Mr. Walker seems to 
have been the first to notice the existence of this pheno- 
menon, which was manifested in a remarkable and extraor- 
dinary manner at the Eddystone Lighthouse during a heavy 
sea in the year 1840. On that occasion, the entrance door of 
the tower, which was made secure by strong bolts against the 
force ab extra, was driven outwards by a pressure acting /ram 
within the tower. The strong bolts and hinges are stated to 
have been broken. Tliis interesting and almost incredible 
incident- seems to prove that by the instantaneous sinking of 
the wave the atmospheric pressure was suddenly, and to a 
very considerable extent, removed from the air on the outside 
of the door. As the air within the tower continued still to 
receive its usual pressure, which would be commimicated 
freely from the windows and lantern door in the iijrper parts of 
the building, it appears suddenly to have burst the door out- 
wards in order to supply the partial vacuum, and thus to 

* Inst. Civ. Eng. vol. L p. 115. 
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restore between the air outside and inside of the building the 
equilibrium which had been disturbed by the sudden sub- 
sidence of the wave. It is perhaps from this, among other 
causes, that stones sometimes start out of the facework of sea- 
walls in a veiy unexpected manner, and if not speedily 
noticed, soon project so far as to allow the waves to remove 
them altogether, when the worst consequences may ensue. 

The accompanying diagram, Fig. 23, represents a case of 
this which occurred at the harbour of Buckie, in Banffshire, 
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in which the combined effects of condensation and back 
draught started a stone from its bed in the face of the end of 
the pier. The whole of the masoniy had been finished several 
months before, and had encountered successfully two or three 
very hard gales, when it was noticed, after the occurrence of 
another heavy sea, that the stone, which is hatched black in 
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the diagram, had started from its bed, and was projecting 
several inches out from the walL The stone, which was a 
stretcher, 4 feet long and 14 inches thick, had no doubt been 
originally set slack in the work. A heavy wave had first 
driven water and condensed air through the joints among the 
backing, and then the sudden subsidence of the wave had 
produced a rarefaction, and lastly the head of water and the 
condensed air in the inside of the work had, in bursting out- 
wards, started the stone from its bed. It was made secure by 
a vertical bolt driven from the coping course in the direction 
shown by the dotted Une. It appears probable, then, that 
the stones composing the masonry of sea-works may be sub- 
jected to simultaneous expansions of the condensed air be- 
hind, and rarefactions occasioned by the collapse of the wave 
in fix)nt. 

Buildings on a Sock Foundation — Selection of Stones. — 
Having now adverted to the different forces to which marine 
works are exposed, I shall next consider what kind of design 
is most suitable where the bottom consists of hard rock. 
Such a foundation will render unnecessary any precautions 
arising from the wasting of the bottom, and, ccttcris paribus, 
there does not seem to be any reason for preferring a talus 
to a vertical wall. 

The question of preference where the rock is sound, wiU 
in the main depend upon the kind of material which can be 
obtained. Should the stone be scarce or costly, and the 
quality such as to warrant the introduction of masonry of 
the best description, the vertical wall may be found to be 
the most economicaL Where freestone is to be used, it is not 
only desirable that it should be got in large blocks, but that 
the face stones should possess considerable hardness. All 
materials which are subject to decay from atmospheric influ- 
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ence should either be entirely rejected or reserved for the 
inner face of the parapet. Special care is also necessary in 
selecting the stones for the lower courses, and aU the more 
so, if the beach consist of hard gravel or boulders. Where 
these occur on an exposed coast, granite or other hard stone 
should always be preferred. There are beaches where even 
blocks of greenstone waste away with alarming rapidity. 

Cessart found timber to resist abittsion from rolling gravel 
ten times longer than limestone. The timber planking which 
he used was fixed vertically on the masoniy.* 

In 1870 I noticed a somewhat remarkable fact at the 
foundations of the old castle at Sandgate, near Folkestone. 
The granite blocks forming the outer scarcements had been 
bound together with iron bars, secured with lead. The lead 
had, owing no doubt to slower oxidation, held its ground 
against the sea better than either the iron or the granite, and 
stood up about \ inch above the surface of the more rapidly 
wasting materials. 

Beldtive Durability of different Bocks. — ^The superiority of 
granite to greenstone is proved by the following experiments 
on the times required to abrade ^ inch of each kind of stone. 
They were made with the same weights and grinding agents, 
and ^ith equal cubes of each material : — 

30 minutes were required for Queensferry (Carlin Nose) 

greenstone. 
40 „ for greenstone from Bamton, near Edinburgh. 
60 „ for Peterhead granite. 

Mr. Murray of Sunderland also established, many years 
ago, the superior power of resistance possessed by granite 
over greenstone. 

* Ouvrages Hydraul. p. 83. 
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Strength and Hardness of Materials. — ^At Anstrather har- 
bour the freestone of the district was> from motives of 
economy, employed for the sea-wall, in consequence of the 
failure of the rock from the excavations. Stones thrown up 
by the sea caused fractures of the fieu^e-stones, which gradually 
falling out produced extensive damage to the pier itself. 

Wasting of Bock Foundations, — ^Eocky ledges often break 
up at the foundation of an exposed sea*wall, owing to the 
heavy fall of wat^r in front of the work. An occasional 
examination should, from time to time, be made, to ascertain 
whether this dangerous action is taking place, as it may lead 
at last to undermining of the wall. 

Profile when Maieridls are Large and UmoorkaMe. — If the 
materials are abundant, but of an unworkable nature, a long 
talus wall will be found most economical. For such walls the 
rate of slope must depend very much upon the exposure of 
the place, and upon the plentifulness of rubble stone hearting. 
The easily-dressed and naturally flat-bedded materials, which 
the stratified rocks of the secondary formation very often fur- 
nish, are especially applicable to the construction of vertical 
walls ; while the uncouth blocks of the primary and igneous 
formations are better suited for talus walls. Such rocks as 
gneiss, the schists, basalts, greenstones, porphyries, and the 
tougher kinds of granite, are best fitted for this purpose. 
With some of these rocks, the angularity of the pieces, and 
the excessive difficulty and uncertainty of dressing, render it 
necessary to assemble them without almost any alteration of 
their shape, so as, by an adaptation of their salient and re- 
entrant angles, to make a kind of random rubble face-work. 
In this kind of work mortar was formerly very seldom em- 
ployed, but Mr. Hartley first, and afterwards, at Holyhead, 
Sir J. Hawksliaw successfully introduced rubble, consisting of 
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enormous onsqaAted masses of lock set in hydraulic mortar. 
The parapet, which nsaally consists of sqoared masoaiy on 
tbfi onteide, aonnonnted by a heavy cope, used geaenlly to 
be the only part of sea-works which was set in lime-mortar, 
the joints being pointed or lipped with Koman or Portland 
cement The valuable q^oalities of the limestone from Halkin 
Sfountain in North Wales, Aberthaw in Glamorganshire, and 
more especially Arden in AjTshire, are generally known, and 
render them well suited for building parapets, but Portland 
and Zumaya cements are of all mortars ondoubtedly the best 
JV^/JfcKA«« Materials are of Small Size — Cydoidal Curve. 
— ^Where the materials are light and of small sizes, it is 
desirable to design the work so as to equalise the action of 
the sea over the whole work, and not to concentrate it against 




any particular place. Iilr. Bussell states that the cycloidal 
form was recommended for this purpose by Franz Gerstner of 
Bohemia. The only instance of the adoption of this cun'e 
with which I am acquainted (Tig. 24) ia in a sea-wall wliich 
was erect«d at Trinity, near Edinburgh, by the late Mr. 
Robert Stevenson, in 1822. 
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Table of Properties of iiffermJt Rocks. — In judging of the 
qualities of different quarries for harbour purposes, the im- 
portance of a high specific gravity should not be overlooked 
The accompanying table is useful in showing this. When s 
represents the specific gravity, n the number of cubic feet in 
ton in air, n the number of cubic feet in sea water, a side of 
cube weighing a ton in water, and w weight of a ton-block in 
water — 

2240 , 2240 

n = -^r^^ n = 



s X Q2.6 {s X 62.5) - 64.25 

V 2240 _ 2240- 64.25 » 



«=V , 



(5 X 62.5) - 64.25 2240 

The specific gravities of the stones marked thus * are 
given by the Parliamentary Commission which was ap- 
pointed to report on the best stone for the new Houses of 
Parliament, and the specific gravity of Beton is assumed on 
the authority of Minard in his Cours de Construction. All the 
others I took by means of a spring balance, a method which 
I strongly recommend, from the quickness as well as accu- 
racy with which the specific gravities are obtained. Any 
piece of rock, however rough and unsymmetrical, may be 
readily suspended from the balance, and the reading on the 
scale at once noted. The stone is next immersed in water, 
and its weight again noted, the whole process of getting the 
weights in air and water not occupying so much as one 
minute. Dressing and weighing a cubic foot of stone, which 
is so common with quarry masters, is both an inaccurate and 
tedious method, which need never be resorted to. 
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TABLE OF PROPERTIES OF DTTFERENT KINDS 
OF ROCK. 







U 


U^ 


S 


1 '^ 


i 








ii^ 




1 " 


1^ 


...„.,.«„ 




^ 




t 


r; 


r 




W^lKhl 


BLd.^ or 


"X." 




Snv 


of. 
Ill Ait, 


to « Ton 
In Alt. 




IS" 








Lb». 


Cubic t«ft 


CnbLcf,-fi 


Lln«il h^t 


Tub, 


Basftlt (porphyriticl 


2.99 


18H.87 


11,9 




2.63 


.858 




'in 


182.50 


12.2 


19."00 


2.68 


.850 


Syenite 

day-«l»te 


2.S1 


181.9 


12,3 


19,04 


2.87 


,817 


2.9U 


181.25 


12,3 


19.15 ■ 


2.67 


.617 


Micu-BcList 


2.89 


1 20.8 


12.4 


19.21 


2.68 


,811 


Gneiw 


2.82 


178.2 


12.7 


20,00 


2.71 


.835 




2.76 


171.87 


13.0 


20.81 


2,75 


.627 


Chloritc-achist 


2,7i 


171.25 


)3.0 


20,93 


2.75 


.627 


GreyiTacke 


2.73 


170.82 


13.1 


21,06 


2.78 


.621 


CUnkstono 


2.73 


170.62 


13,1 


21,05 


2.78 


.621 


BedgranLtc 


2.71 


iaa,37 


13,2 


21.30 


2.77 


.921 




2.71 


1B9.37 


13,2 


21.30 


2,77 


.821 


Ch*lk 


2.70 


188.75 


13.2 


21.43 


2,77 


,821 


Wliita primary limeatono [ 


2.70 


168,75 


13.2 


21.13 


2.77 


.821 


Bed primary limeatone 1 














(marbU), wiUi crystala [ 
of aogite embedded ) 


2.88 


lti6.25 




21.96 


2.80 


.615 














Chlorite 


2.ei 


165.00 




22.23 


2.81 


.612 


Orumlar qiutrtz rock . . . 
GieyRramta 


2.63 


161.37 


13,8 


22.37 


2.82 


.610 


2.81 


163.12 


13.6 


22,65 


2.83 


,810 


Fliuh'slHtB 

Eed filspw porphyry ... 


2.57 


160.62 


13.9 


23.21 


2.85 


.601 


2.65 


1.W.37 


11.0 


23.55 


2,86 


.508 


Pitchatone 


2.53 


168.12 


11.1 


23.86 


2,83 


.595 


SarpentiDc 


2.18 


153.73 


11,6 


25.02 


2,92 


.581 


Compact felflpBT 

Sandstone 


2.16 

2.« 


153.12 
150.62 


14.8 
14.8 


25.20 
28.00 


2.93 
2.96 


.681 
.575 


Roestone (oolite) 


2.88 


117,50 


15.1 


28,38 


2,99 


.687 


Beton 


2.2 


137.05 


16.8 


30.6 


3,13 


.632 


Oolita* 


2.18 


136,25 


16.1 


31.1! 


3,11 


.629 


2.06 


128.12 


17.1 


35,07 


3.27 


.501 


Parrot coal (Amerieau)... 


1.51 


96,25 


23,3 


70.00 


1.12 


,331 




1,60 


93.76 


23,8 


75.98 


123 


.817 


Cannelcoal 


1,34 


77,50 


28.0 


169.05 


6,53 


,171 



etoribe ipeclBo gnrltrot 1,028 atUtlbi, 



130 



TIDAL HARBOURS. 



The following Table, showing the pressure of sea water 
per superficial foot for different depths, will be found useful 
in connection with that given above : — 

Table showing Pressure of Sea Water per Superficial Foot for 
Different Heads above Centre of Gravity of Surface exposed. 
Specific Gravity taken at 1.028. 
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Buildmgs on Soft or Saiidy Foundations, — It has been 
already shown that, irrespective of the quality of the masomy, 
the two points in the structure which are weak or dangerous 
are the top and hottovi of the wall. With a hard rocky 
bottom, properly dressed, the risk of failure at the founda- 
tions is removed ; on the other hand, where the shore consists 
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of soft or rotten rock, moving shingle, or saud, it i8 obvious 
that provision must be made against both those sources of eviL 
Indeed, if we consult the history of harbonra, we shall find 
that the most frequent cause of damage is the con-odbig action 
of the waves reflected by the masoniy against the shore. 

ProJUe of CoMervancy, awl Undcncashiwj. — The general 
Blope of a frE^mentary beach must depend upon the size and 
nature of the particles, and the force of the sea. The dissimi- 
ity between its slopes near the levels of high and low 
-vater arises from a decrease in the force of the waves, caused 
.Ijy their being broken before thoy reach the high-water mark. 
The great object, therefore, is to design the profile of the wall, 
as to alter as little as possible the symmetry of the beach. 
"Where isolated rocks or large boidders are left projecting above 
the surface of a sandy shore, there will generally be formed 
around them hollows corresponding in depth and form to the 
kind of obstruction which the rocks present. The principal 
point in the design, therefore, ia to avoid great and sudden 
obstructions to the movement of the water. The best form 
bwhich could be adopted in any situation would, of course, be 
the contour of the beach itself; but this would answer no 
possible purpose ; and, as the wall is to consist of heavy 
blocks of stone instead of miuute particles of saud, it is clear 
that a much steeper slope may be adopted than that which 
call tlie projile of amservanci/ of the shore, provided 
le lower part of the elope be flattened out so as to meet the 
sand at a low angle. The action of a bulwark is to ari'eat the 
waves before they reach the general high-water mark, and to 
change the horizontal motion of the fluid particles to the ver- 
tical plane, or to compel the waves to destroy themselves on an 
artiflctal beach consisting of heavy stones. To prevent under- 
washing, the two following requisites should therefore be as 
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far as possible secured : — 1st, The foundation courses of the 
wall should rise at a very small angle with the beach, so that 
their top surfaces may be coincident with the profile of con- 
servation of that portion of the beach out of which the wall 
springs ; 2d, The outline of the wall should be such as to 
allow the wave to pass onwards without any sudden check 
till it shall have reached the strongest part of the wall, which 
should be placed as far from the foundation as possible. 

Loose Bubble a good Protection for the Foundations, and 
for acting as a cover for Bulwarks for protecting Land against 
the Sea, — Loose blocks of angular rubble furnish, in most cases, 
the best possible security wlien the soil is soft or friable, for 
the waves are swallowed up by the interstices. A regular 
sloping sea-wall or bulwark, with a smooth surface, becomes, 
when the soil is soft, a double-edged sivord in working its own 
destruction at top and bottom ; for it transfers the duty of 
destroying the waves from the masonry to the unprotected 
soil at the top, and to the loose sand or gravel at the bottom, 
of the wall. While the foundations are underwashed by the 
reaction upon the soft bottom, the upper parts of the masonry 
are deprived of support by the falling water and spray, which 
are led up by the masonry, and soon wash away the soil at 
the top. 

IFalls of Hoi^zoiiial Curvature for protecting tlie Coast4ine. 
— But it must be further noticed that, if the wall be curved in 
the horizontal plane, or consist of kants inclined at an angle to 
each other, the foundations must be carried lower at the convex 
parts and at the salient angles, for at those parts there is a 
greatly increased scour. This concentration in the scouring 
action may be very satisfactorily seen at low water, where an 
isolated rock or a boulder of pyramidal form projects above 
the surface of a sandy sea-beach. Pools of greater or less 
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depth will always be found at the angles of tlie boulder, while 
at intermediate parts the level of the sand is much higher. 

Walls of Vertical Curvature. — For the reasons which 
have been stated, it is plain that a vertical wall is in most 
cases unsuitable for a sandy beach. Instead of altering 
the direction of the wave at a distance from its foundation, 
the whole change is produced at that very point ; and, unless 
the wall be foimded at a considerable depth, its destruction is 
all but certain. Where the materials are costly, but admit of 
being easily dressed, I am disposed to think that a horizontal, 
or nearly horizontal, apron or platform of timber or masonry, 
connected with a vertical wall, by a quadrant of a circle of 
sufficient radius, may be found answerable. Such a form ^vill 
prevent to a considerable extent the danger of reaction, by 
causing the alteration in the direction of the wave to take 
place at that part where the wall is strongest, and which is 
also at the greatest possible distance from the toe or curb 
course. If the materials are abundant, and of a rough 
nature, a cycloidal wall with vertical and horizontal tangents, 
somewhat similar to that erected at Trinity, already referred 
to, may be adopted with advantage. But a very serious ob- 
jection to all forms of curved walls, unless the radius be large, 
is the weakness which results from the use of wedge-shaped 
face-stones. The impact of the sea on materials of that form 
may be compared to a blow directed upwards against the in- 
trados of a stone arch — ^the direction of all others in which 
the voussoirs are most easily dLslocated. This action can 
only be resisted by very careful workmanship in the dressing 
and setting of the hacking. Another objection, applicable to all 
except tideless seas, such as the Mediterranean, arises from the 
varying level of the surface of the water ; for what may be best 
at one time of the tide cannot })e equally suitable at another. 
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Treacherous Nature of Clay as a Foundation — ArdentaUan 
Pier. — ^A special caution regarding clayey bottoms may not 
be out of place here. Many are apt to suppose that there can 
be no better foundation than clay ; and it is indeed true that 
some kinds of hard clay form a very satisfactory subsoil 
But there are others of softer consistency, and permeated by 
sandy beds, which are extremely treacherous. ArdentaUan 
Pier (Fig. 25) was erected in Loch Feochan, near Oban, in 
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Fig. 25. 

1838, and was used for the export of stone from a quany of 
the same name immediately adjacent. The beach, at the 
place, sloped at the rato of about 1 in 6, its surface being 
coarse gravel mixed with clay and sand, which presented the 
appearance of a foundation of the firmest and most substantial 
character. Below low water the bottom dipped at the rate of 
about 1 in 12|. So satisfactory did the ground appear that 
the walls were founded on the surface without any excavation 
being made. The quay-wall fonning the outer end of the 
pier was 120 feet in length of face, and was founded at the 
level of about a foot below low water. The hearting consisted 
of quarry rubbish and tcrrinc/^* the length of quay, measured 
seawards from high-water mark, was 180 feet, and it was 6 
feet thick and 12 feet high, with a face batter on that height 
of 9 inches. In 1838 there were upwards of 200 tons of 

* Terring, from the Latin tcrra^ earth, is the Scotch term for the soil re- 
moved in clearing the top of a quarry. 
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dressed stone deposited on the pier, and at that time it showed 
no symptoms of failure. In January 1844, however, while 
there were only 120 tons of material on the pier, the crane, 
which was on the outer end, suddenly began to move and 
shake ; transverse openings also appeared, which soon got 
wider. The workmen, in much alarm, sent for the foreman 
from the quarry, who on his arrival saw, to his great conster- 
nation, the whole mass rapidly sinking and moving seawards, 
excepting about four feet at the land end, which remained 
firm. The quay at the outer end soon slid out at the bottom 
so as to incline at an angle of about 45°. In this way the 
whole pier, with the dressed stones on its top, rapidly slid 
outwards and downwards, and, within two Jwtirs from the first 
indication of motion, no part of the pier or even the crane 
could be seen ; and on sounding it was found that the top of 
the quay was more than 23 feet below low water. 

The hoinzontal movement was 150 feet in two hours, or at 
the rate of about 15 inches horizontally i^er minute, while in 
the same time the vertical movement was 34 feet, being 3.4 
inches per minute. I ascertained these facts on visiting the 
ground after the accident, while the edges of the deep chasm 
which had been left were still fresh and unaltered. The clay 
forming the beach appeared to have resulted from the deco'ni- 
position of the adjoining clay-slate rocks, and under the surface 
it was of a soft and almost semifluid consistency, and arranged 
in thin layers or films parallel to the slope of the leach near hiyh 
water, hit dipping Dwre quickly near low watei\ The difierent 
layers of clay, which varied in thickness, from about one quarter 
to only about one-fiftieth of an inch, were separated from each 
other by thin films of sand. The layer of coarse gravel, wliich 
formed the hard surface on which the pier was founded, was 
only about 6 inches thick. The cause of failure seems to 
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have been the slipping of some of the lower clayrbeds, probably 
at one of the sandy seams, for I know of another case in which 
a clay-bank slipped forward on a similar thin sandy film. 
This accident shows the propriety of testing the subsoil by 
boring, or sinking trial pits, and the danger of resting satisfied 
merely with superficial appearances. It also proves the treach- 
erous nature of stratified clay when associated with films of sand. 
Another somewhat similar case will be found under the next 
section relating to timber piers and quaya 

Application of foregoing Principles to tJie Erection of a 
Building on a Sandbank, — This chapter may perhaps be best 
recapitulated by applying the principles it lays down to a case 
of known difficulty — viz. the erection of a building on a sand- 
bank — such, for example, as the erection of a lighthouse on 
the Goodwin Sands. The reader may not perhaps have forgot- 
ten the disinterested attempts to erect "the light of all 
nations,'* as it was called, as well as the many chimerical pro- 
jects for efiecting the same object which have from time to 
time appeared ; in all of which ingenuity was far more con- 
spicuous than i^ractical judgment. 

The difficulties, as I have elsewhere shown, w^hich have in 
such a work to be contended against, are principally the 
reaction of the vmves fiwn tJie huilding iq)on the soft bottom ; 
and the mistake which was committed in all the designs for 
erecting a tower on this quicksand was in adopting the 
principle of mechanical fixture in preference to that of dead 
iveight. 

Without abandoning the known and fully-tried principles 
of marine engineering, the object, if it be one — for I express 
no opinion on that point — could be easily and certainly 
accomplished by simply depositing rubble stones in the sea, 
and allowing them to assume their own slope ; and thus, after 
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a year or two of labour, to form ultimately a small island of 
pierres perdues, similar to what was proposed in America in 
1835 for Delaware Bay. In this operation there is neither 
novelty nor difficulty, nor any room for doubt as to success. 
This will appear by collecting together the requirements for 
such a work. 

1. Pliancy of the mass of materials employed, so as to 
admit of this artificial island adapting itself without dis- 
memberment to the changes of form consequent upon unequal 
settlement 

2. That the structure shall rise out of the sand at a low 
angle, so as to reduce to a minimum the reaction upon the 
quicksand 

3. That that part of the structure where reaction must to 
some extent occur shall be far distant from the place where the 
tower is to be erected. 

4 That, the connection of the structure with the bottom 
shall not depend upon mechanical fixtures. 

5. That if any partial damage takes place during the 
erection, the ruins shall act as a check to farther encroachment. 

6. That the waves shall not impinge with full force upon 
the tower itself, but shall be broken before they reach it. 
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DESIGN OF GROUND-PLAN OF HARBOURS. 
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Travelling Shingle — Good "Loose" — Curved and Straight Piers — Free and 
Confined Waves— Outer Basins — Ratio of Entrance to Area — Reduction of 
Waves by Lateral Deflection — Reduction under lee of Piers with free ends — 
Reduction in close Harbours — Formula for Reductive Power — Cellular 
Structure for reducing Waves — Stilling Basin — Situations for unprotected 
Quays — Booms — Small Harbours — ^Capacity of Commercial and of Fishing 
Harbours. 

In laying out the general design or ground-plan of a harbour, 
the principal matters to be kept in view are the proper dis- 
position of the lines of the piers, so as to insure safe and easy 
ingress and egress, and the inclosure and protection of a sheet 
of water of sufficient depth. 

The positions in which the piers are to be placed depend 
on the nature and configuration of the shore and of tlie botr 
torn. Before any step can be taken, the engineer must have 
before him numerous and accumte soiuidings, so as to give a 
correct representation of tlie bottom. Tlie means of obtaining 
such data come strictly within the range of marine surveying, 
and I will not therefore enter at all upon the subject of these 
preliminary investigations, but shall leave the reader to con- 
sult those works which are specially devoted to this branch of 
surveying* 

* VUk D. Stevenson's "Murine Surveying :" Edinburgh, 1842. 
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After a correct plan, with soundinga, has been obtained, 

next step is to lay down contour lines of the different 

tha, which make the limits of the deep and ahual water at 

e obvious to the eye. The lines of the piers may then be 

sketched, so as, mthout sacrificing other conditions, to keep 

i works as much as possible on the shoal ground, while 

Biey at the same time inclose the greatest possible amount of 

lep water. 

General Bu/es. — Many points req^ulring great care, for 

Hiey affect vitally the ultimate success of the whole scheme, 

H>w present themselves for particular study. Among the 

oat prominent of these — for we cannot take cognisance of 

1 the peculiarities and the difficulties which may be found 

B every locality — are the following : — 

1. Entrance always Seaward of JFiyrks. — Tho entrance 

lloiild be fixed seaward of every other part of the works. If 

1 be placed landwards, or even in line with a pier, we 

fifty cause an accumulated wave to be formed, which will 

iss into the harbour, or run across its mouth, rendering 

vessels unmanageable at the critical moment of " taking tlie 



2. Direction of ike Entrance sliould, when possible, coincide 

h that oftlie Heaviest Waves. — Unless where the internal area 

b small, and the sea very heavy, the direction of the entrance 

■ diould be made to coincide with the direction of the heaviest 

•iHlvea, BO that they may run along with, and guide vessels into 

the harbour. It is, no doubt, a simple and very efflcacious 

mode of increasing the reductive power of a harbour to place 

the entrance at right angles to the line of movement of the 

swell The old harbour of Pulteueytown furnishes a notable 

example of this disadvantageous arrangement. Such an ex- 

_^edient should indeed never be resorted to if it can possibly 
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be avoided ; for when a vessel takes a port having an indirect 
entrance of this sort, she is liable to be struck by the waves on 
her broadside or quarter at the moment of turning in, and she 
thus runs a great risk of missing the harbour altogether and 
being stranded. If there be plenty of sea-room, this danger 
may be obviated by extending the outer pier sufficiently fiur 
seaward of the end of the other pier-head, so as to give it wbit 
we have called a free end, as in Fig. 26, and thus to allow a 
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ship plenty of sea-room to shape an easy course. Even if, 
while rounding in, she should be struck by a wave so as to 
make lee-way, there is still sufficient time for her to recover 
herself under shelter of the outer breakwater before reaching 
the narrow entrance between the piers. 

3. Width of Entrance. — The width of entrance channel 
adopted in France is, according to Minard, that of three 
vessels under sail, and this varies from about 100 to 330 feet 
The following Table, compiled from various sources, gives the 
width of entrance of different ports : — 
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Feet. 




Feet. 


Helvoetslnys (Minard) • 


108 


Leith (Admiralty Pilot] 


) ' 240 


Seaham (Admiralty chart) 


110 


Yarmouth (J. Walker) 


- 250 


Dover (J. Walker) - 


120 


Graveslines (Minard) • 


- 262 


Newhaven (Admiralty PUot) • 


150 


Sunderland • 315 and 868 


Donaghadee (Tidal Harb. Bep 


.) 175 


Do. South - 


- 280 


New Shoreham - 


176 


Howth 


. 815 




190 


Calais - - - • 


- 828 


PorUand 


400 


Penzance - 


- 830 


Ostende (Minard) 


. 197 


Aberdeen - 


- 878 


Port Basil - - - 


210 


Fhishing (Minard) 


- 426 


Ayr (Tidal Harb. Bep.) 


216 


Portsmouth 


- 700 


Boulogne ... 


230 


Kingstown (Tidal Harb. Bep.) 960 


Dunkirk (Minard) 


236 







4. Direction of Piers and Prevalent Winds. — The piers 
should be laid out with reference to the direction of the pre- 
valent wind. Minard says that at Bayonne, where they make 
an angle of 12** with the prevalent wind, they have been found 
to suit best the wants of the mariner. 

5. Danger of Travelling Shingle, — If the beach consist of 
travelling detritus, the entrance must be so devised as not to 
form a trap for the passing shingle. This danger is most to 
be dreaded on the coasts where heavy waves strike obliquely 
upon the shore. 

6. Impoi'tance of a good " Loose " or Point of Departure, — 
There must be a good " loose," so that vessels on leaving the 
harbour shall be able to shape their course free of rocks or a 
lee-shore, and Minard very properly remarks that the mouths 
of harbours should be designed rather to suit the entrance 
than the exit of vessels.* The following digest of 266 wrecks 
and casualties, occurring from different causes, is taken from 
the Harbour of Eefuge Commission Eeport of 1859 : — 



* Ouvrages Hydrauliques, p. 31. 
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Abandoned at sea from various causes 

Burnt (fire caused by a cargo of lime getting wet) 

Capsized ..... 

Damaged on piers or bars through insufficiency of tugs or tow- 
ropes ...... 

Eicplosions from cool gas generated under hatches 
Foundered at sea and at anchors from various causes 
Leaky or dismasted and otherwise crippled (put back to repair) 
Stranded or struck on rocks, bars, and piers, in entering or leav- 
ing 2>ort8 and harbours, viz. — 

Blyth ..... 1 



Hartlepool 

Hauxley 

HirdSand 

Seaham 

Scarborough 

Shields 

Sunderland 

Whitby 



Stranded or struck on rocks and sands from various causes 
Struck on sunken wreck .... 



12 
1 
5 
3 
3 
3 

27 
3 



7 
1 

4 

13 

4 

36 

28 



Total 



58 

119 

2 

266 



This table shows that more than one-fifth of the whole 
casualties, occiUTing within the period mentioned, took place 
in entering or leaving port, and if to this we add those damaged 
on piers or bars through insufficiency of tow-ropes, we shall 
have upwards of one-fourth of the whole ; or, in other words, 
the table shows that the mariner has often to encounter his 
greatest perils when he is nearest to his port of destination or 
departure. 

7. Fi^rs of Harizoiital Cv.iDaturc lyrefcrablc to Long Straight 
Piers. — Preference should generally be given to a pier of 
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f liomontal convex outline, or of a polygonal form, rather tlian 
[ to one long straiglit pier nmning at right angles to the worst 
r -waves. The principal objection to a straight pier does not, 
['however, extend to cases -where the heaviest waves strike upon 
r it obliquely, and roll landwards along the sea-wall. 

Free Waves and Confined or Gorged Waves. — Especial care, 

[ however, must in all cases he taken, that a pier nowhere 

1 presents to the sea a surface of concave horizontal outline, or, 

[ -what is still worse, abrupt faces which form a re-entrant angle ; 

I for the waves will then act with an almost explosive -violence. 

For the breaking of a free wave is a very different thing 

from the breaking of a wave confined by a barrier of masoniy. 

"While the first may be compared to the harmless ignition of 

a loose heap of gunpowder, the other resembles the dangerous 

explosion produced by the dischai^e of a cannon. 

It may in some cases be found better, in designing a sca- 
[ wall for protecting a sinuous coast, to caiTy the bulwark 
straight across ledges of rock which extend landwards, than 
I to follow the line of the high--water margin. For although 
I -with the straight wall wg have to encounter a greater depth of 
I -water and a hea-vier surf, still with t!ie other we may have to 
I oppose the waves with a wall which has a concave horizontal 
I curvature, by -which the force is concentrated and rendered 
Ifiir more destructive. Moreover, the straiglit wall may be 
Fconslderably shorter than the cuned. 

8. OtUm- EarhoiiT or Stilling Basin. — There should be 
TBufficieut distance landwatd of the mouth to allow a vessel, 
I having full weigh on her, to shorten sail. For this Scanzin 
\ allows a distance of not less than 200 cables' lengths, and 
I Minard recommends from 200 to 300 metres (1000 feet). 
I Where the vessel requires to alter her course in order to I'each 
iihe inner basin, no circle with a less radius than 200 ywds 
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in smooth water should, I think, if possible, be adopted for the 
ordinary class of coasting steamers. 

9. The Relation of Width of Entrance to Area of Harbour. 
— ^The internal area should bear such a relation to the width 
of entrance as to produce a suflScient degree of tranquillity, 
for which directions will be hereafter given {vide p. 146). 

Reduction of Waves by Lateral Deflection. 

Effects of Breakioaters in sheltering uninclosed Roadsteads, — 
No general remarks, that could prove of the slightest use in 
any particular case, can be made regarding some of the pro- 
visions which have been mentioned, but there are others of a 
more definite nature, and depending less on local peculiarities, 
which admit of further elucidation. Among these — and it is 
one of the most important — is the maimer of estimating the 
reduction of the waves when they are deflected from their 
original direction and made to diverge into sheltered water. 
And I cannot but express regret that no attempt has been 
made, so far as I am aware, to obtain exact numerical results 
on this point, derived either from theory or experiment. I 
have been unable, indeed, to find that a single observation or 
experiment of any kind has been made upon the subject, and 
vet the whole benefits wliicli are expected to result from the 
erection of our great national breakwaters depend entirely 
upon the reduction of the waves. When a wave encoimt^rs 
an obstacle such as a breakwater, if we suppose the portion 
which strikes it to be annihilated by the impact, or to be 
reflected seawards, the portion which is neither destroyed nor 
interrupted will pass onwards, and a part will spread laterally 
behind the breakwater. It is this reduction of height which 
it is so desirable to determine ; and I hope that those who 
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iBve opportunities of making observations on the eSects of 
jakwaters in sheltering nninclosed roadsteads will te in- 
duced to take up the subject, which is undoubtedly one of 
t importance. My son, Mr. lEobert Louis Stevenson, made 
i observations at angles of 45° aud 90° at Pulteneytown 
reakwater, and these gave a coefficient of about .06 for the 
iJa given in the next article, which, /or llic etass of waves 
red, would be la tliia case — 

X = 1 - .06 ^a" 
'here x represents the ratio of the reduced to the unreduced 
ive, and a the angle of deflection. 

Reduction of Waves immediatdy under Lee of Piers wilh 
Free EiuU. — ^\^len the waves are deflected by a pier with a 
free end, and run along its inner sid«, the reduction which 
they sutfer will be due to the distance passed over, and to 
the angle of deviation produced by the pier. Though far from 
placing full reliance on so slender a stock of facts as I am in 
possession of, and which were partly the result of observations 
at sea, and of experiments made in a brewer's cooling tank 
about four or five inches deep, I may state that the amount 
of reditciimi in the height of an unbroken wave, after being 
deflected, was found to increase directly as tkt distance traversed, 
and as the square root of tlu angle of deflection. The following 
ula represents the results with the class of waves which 
!Pe observed at different harbours, but it is given simply as 
ipproximate, and it is obvious that the coeflicient must, as 
in the former case, be variable, depending on the kind of 
wave : — 

« = 1 _ .04 v'"" 
t which X represents the ratio of the reduced to the un- 
iduced wave, and a. the angle of deflection, 
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In the subjoined table are given the heights observed at 
the harbour of Latheronwheel : — 



1853, Ori^nal height 


DiH 
tancc 


Angles. 


Results 

by 
Formula. 


Observed Reduced 


of Wave. 


passed 


Heights. 




over. 








4.5 


16 


sr 


8.2 


8.0 


5.0 




»t 


3.6 


8.5 


4.5 




tt 


3.2 


8.0 


6.5 




ff 


4.6 


6.0 


3.0 




90' 


1.9 


• 2.0 


3.5 




f» 


2.2 


2.5 


4.0 




it 


2.5 


2.5 


6.0 




ft 


3.1 


8.0 


4.5 


32 


140** 


2.4 


2.0 


6.0 




» 


2.6 


2.5 


4.5 




»» 


2.4 


2.5 


6.5 




ft 


3.4 


8.0 



These observations were made at the outer kants of the pier 
of Latheronwheel, which is single, with a free end, and which 
acts on the waves in a different manner from a harbour which 
forms an inclosed area, to which I shall next refer. 



Reduction in the Height of Waves after passing 

INTO Close Harbouks. 

The ultimate object of every harbour is to preserve the 
tranquillity of the inclosed area by lowering the height of the 
waves as they enter, and this property is variously possessed 
by harbours of different forms, and depends upon the relative 
widths of the entrance and the interior, the depth of water, 
the form of tlie entrance, and the relation between the direc- 
tion of the entrance and tliat of the, line of mciiimvvi cn^yasure. 

Fonnt'/a for Eeduriire Power. — The only formula with 
which ] am acquainted which <^dves the rcduHirc ixtwa* of a 
close luuljour, is that which I published in the Kdin. Phil. 
Journal for 1853. When the ])iers are high enough to screen 
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the inner area from the wind, where the depth is tolerably 
uniform, the width of entrance not very great in comparison 
with the section of the wave, and when the quay-walls are 
vertical, or nearly so, and the distance not less than 50 feet 
from the mouth of the harbour to the place of observation, 
the following formula is applicable — 

H = height of wave at entrance, in feet ; 
h = breadth of entrance, in feet ; 
B = breadth of harbour at place of obser\'ation, in feet ; 
or more accurately, length of the arc with 
radius D ; 
D = distance from mouth of harbour to place of obser- 
vation, in feet ; 
X = height of reduced or residual wave at place of ob- 
servation, in feet. 

x/B 50 

If II be regarded as unity, x will come out a fraction 
which will represent what we may call the reductive jyowcr of 
the harbour at the point for which the calculation has been 
made ; and by multiplying the height of any wave at the 
entrance by the fraction x, its reduced height is found* 

This formula is founded partly on the conclusions arrived 
at by Dr. Thomas Young, in 1807, in his theory of imdulation, 
and partly on observations. These observations included the 

* In tho Eucyclopcedia Britannica the formula was stated in perha2)s a 
better form, viz.— 

but that given above is more convenient for calculatiou. 
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determination of the centres from which the waves expanded, 
and which appear to be situated not far from the middle of 
the entrance. 

The method of applying the formula is to describe a circle 
on the ground-plan of the harbour from tlie point of union of 
the lines of the piers produced seawards, or (what is suffi- 
ciently near) fi'om the middle point of the entrance. Tlie 
radius adopted must be equal to the distance (D) between the 
centre of divergence and the place on the pier where the re- 
ductive power is wanted. The arc of a circle thus described 
must extend so far as to intersect the two side walls of the 
harbour, or in cases where one of the piers meets the shore at 
a shorter distance, the arc must be extended to the line of 
direction of the shortei: pier, produced landward of the high- 
water line. It is necessary to observe, however, that in such 
cases as the last named, where the shore intervenes, the for- 
mula is not applicable unless the beach slopes sufficiently to 
allow the waves to spend themselves freely. The distance B 
is then measured as a chord between the two points of inter- 
section ; or where the versed sine is large^ B should be taken 
equal to the length of the arc. It is believed that this formula 
will be found to be of general application in all close harboui*s 
where the entrance is of a direct and simple nature. 

In order to show the correspondence between the actual 
observations and the results of calculation by the formula, a 
table is subjoined, which contains averages of the observations 
at the different places mentioned. Those at Buckie are re- 
duced from upwards of 2000 observations. 
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RESULTS of FORMULA for REDUCTIVE POWER of 
HARBOURS, compared vrith. Observations. 



Nome of Harboar. 


HI 

.307 


.-4 O 

> 2 o 
h '-> ^ 
« = - 

.374 


Heiglit of Wave in 
Intt-rior of IIar1x)ur. 




A. 

By Calcula- 
tion. 


B. 

By Olwer- 
vation. 


Remarks. 


Kingstowii . 


2i ft. to 3 ft 


3 ft. 10 3i ft. 




1 Siinilerland. 
1 ]«f. At stAir on K^Mitli ) 
Pier, at entrance to! 
l)carliin;; gruuiid . . j 
2d. At SouUi Dock . 


.440 
.1015 


.385 
.1023 


5.72 feet. 
1.32 „ 


5.tX) feet. 
1.33 „ 




MacdiifT. 

lit. 165 feet from inner ^ 

entrance . s 

2(i. 340 feet fh)m inner ^ 

entrance . . ) 


.44 
.42 


.00 
.632 


1.10 „ 
1.05 ., 


l.M) „ 
1.33 „ 




Fisherrow. 

\st. On went side 
'2d. On eaut side 


.478 
.430 


.472 
.384 


2.39 .. 
2.15 „ 


2.36 „ 
l.^>2 „ 




Huckie. 

iBt point of observation . 
Do. do. 

i» »» 


.641) 
f • 
II 
II 


.5:i4 
.5:w 

.534 
.570 


6.17 „ 
II II 
»i »» 
»i 11 


5.07 „ 

5.06 „ 

5.07 „ 
5.41 „ 


Mean of 244 — a. 
Meanof 117- h. 
Mean of 127—c. 
Ucsultsof Kt4>nn, 
Nov. 1857— (/. 


2tl point of observation . 
II i» 
fi II 
>• »i 


.464 
»» 
II 
•1 


.323 
.338 
.309 
.3i»4 


4.41 „ 
•I II 
II II 
II II 


3.07 „ 
3.21 „ 

— i^ II 
3.74 „ 


a, as alK>ve. 
c. 


3d iK)int of observation . 
ft t» 
»i •• 
»i »i 


.233 

»» 
II 
II 


.207 
.229 
.186 
.342 


O OA 

— -" 11 

»l II 

II II 

•1 >l 


1.97 „ 
2.18 „ 

l.M „ 

3.25 „ 


"i »> 

^1 II 

c, 

fi» 11 


4th point of ob.servation 

l» !• 
• 1 » 
II II 


.186 
II 
II 
>• 


.l.'>7 
.183 
.134 
.289 


1.77 „ 
II II 
II II 
II »> 


1.49 „ 

1.74 „ 
1.27 „ 

2.75 „ 


«i II 
&. 11 

rfi 


Mh jMunt of ob8cr\ation 
II t» 
II II 


.143 

II 
II 
11 


.136 
.162 
.113 
.158 


1.36 „ 

i» II 
II II 
II 11 


1.29 „ 
1.54 „ 
1.07 „ 
1.50 „ 


rti II 

Cf II 

a, 


Gth point of obHcrvation 
II II 
»• II 
II »• 


.119 
•I 
i» 
II 


.139 
.H',0 
.120 
.175 


1.13 .. 
»i II 
II i> 
II II 


1.32 ., 
1.52 ,. 
1.14 „ 
1.66 „ 


&i II 
Ci If 
''> II 


7tli point of observation 
»• •• 


.209 
II 


.222 

.2SU 


1.99 „ 
>» II 


2.11 ,. 
2.75 „ 


Pi II 
<'i » 


8th point of observation 
II II 


.274 
II 


.232 
.368 


2.60 „ 
II 11 


2.20 .. 
3.50 „ 


fi 

d, „ 


9th point of observation 
»i •• 


.427 
II 


.3.'?9 
.491 


4.00 ,. 
II II 


.S.22 „ 
4.66 „ 


^1 i> 


Mean'of ntl the rnlcuhited h 
Mean of all the ithsrmd hei 
Hean of th«- oh^i-rctd height 
and thtme marktMl c when 
Mean of ofaerved heights in 


eights i 
^hts in 
a, takin 
.1 a iH w 
B.taki 


n cohni 
rolunm 
•^ untie 
lilting ( 
ng only 


m A 
B . . 

r Burkif onl 
at points 7, 8 
those markei 


• a a 

y those marki 

, aud 9) 

1 c, niider Bu 


2.64 feet. 

2.62 „ 
?da, 

. 2.47 „ 
ckic 2.41 „ 
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aSuIc Channels for reducing Wares, — ^At the harbour of 
West Hartlepool an ingenious and novel device for reducing 
the height of the waves has been carried out by Mr. R Ward 
Jackson and Mr. Caseboume. Interior expansions have been 
made to communicate with narrow canals running landwards, 
and which ultimately join the sea outside of the harbour. 
The portion of the wave which has been detached by spread- 
ing into the lateral channels is thus conducted entirely out 
of the harbour into the open sea. At Mullaghmore, County 
Sligo, where the i-un was troublesome in stormy weather, the 
basin has, I am informed, been much smoothed by an opening 
made at the upper end of the harbour, through which the 
swell passes out to the beach, instead of being reflected by 
the inner walls. 

Cellular Stntcturcfor reducing Waves; " clair vote!' — There 
are many places so narrow and confined by rocks as not to 
admit of the formation of lateral expansions either of the 
usual kind or of that adopted at Hartlepool. In such situa- 
tions some reduction might, I think, be effected by converting 
the upper portion of the quay-walls at and near the entrance 
into a series of chambers, separated from each other by vertical 
diaphragms, so as to smooth the water by forming numerous 
stops. This cellular structure, in some respects similar to what 
is called in France ''clair voic" (which is found to answer 
best with J of solid to f of void), might be cheaply con- 
structed of vertical partitions of timber. The action of the 
cells consists in abstracting from the upper part of the wave 
a small portion of water, and retaining it momentarily until 
the crest has passed the moutli of the cell, when the water 
so retained falls again into the harbour on the hack of tlie 
wave from which it had been abstracted. If the entrance- 
])assago were of some length, even although the openings were 
of small width, a considerable loduction would be produced 
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by this repeated process of separation and detention. The 
tranqnillising tendency of such stops may, to some extent, be 
estimated by noticing tlie action on a passing wave of vertical 
fenders on the face of a pier. On a somewhat similar principle 
the waves are sometimes reduced by making a portion of the 
outer piers of open timber work, which allows tlic wave to 
burst through it. 

SiUling Basin. — As before mentioned, it is essential when 
the exposure is great that there be either a considerable in- 
ternal area, or else a separate basin opposite the entrance to 
the inner basin, for the waves to destroy or spend themselves. 
Such a basin should, if possible, inclose a portion of the 
original shore for the waves to break upon, and when circum- 
stances preclude this, there should be a Hat talus of at least 3 
or 4 to 1, as recommended by the late ilr. Bremner of Wick. 
Air. Scott Russell has found that talus walls of 1 to 1, or steeper, 
will not allow the waves to break fully, but will reflect them 
in such a manner as might in some cases make the entrance 
difficult or even dangerous of access, and the berthage witliin 
unsafe ; and I can corroborate this from personal observation. 
Instatices are not wanting of harbours being materially injured 
by the erection of a vertical wall constructed across a sloping 
beach on which the waves were formerly allowed to expend 
their force. The experiments made by the committee of the 
British Association exemplify this. Small waves from one 
quarter to half an inch high, which were generated in a box 
20 feet long, could be traced after being reflected GO times, and 
after having passed over a space of 1200 feet. 

Situations where unprotected Quays may he used, — The fol- 
lowing cases, in which trafhc has been successfully earned 
on at quays unprotected by covering piers, may be found use- 
ful as a guide : — 
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At Scrabster the quay is at right angles to a fetch of 6 miles. 

At Invergordon there is a fetch of 5 milea 

At Burntisland „ 6 „ 

At Kilcreggan „ 4 „ 

Londonderry „ 1^ 

Greenock „ 6J 

Albert Quay, Greenock „ 7 „ 

The two last are, liowever, somewhat sheltered by the 
Greenock bank. 

So far as my experience goes, I think ttiat 5 miles is not 
far from the limits that should be observed, which by the 
ordinary formula ^p. 23), h = 1.5 vD, gives a wave of 3.3 feet ; 
but the formula for distances so short as these would give waves 
about a foot higher, and in heavy storms perhaps waves not 
much less than 5 feet may exist, but on -such occasions vessels 
could not safely use the quay. 

Open Timber Wharves UBcful for jyreventin/j Waves from 
being reflected. — Waves, when not of large size, can often be 
either destroyed or prevented from being reflected by adopting 
a sloping face of stones, with open timber quay in front. 

Booms for excluding Waves. — In order to tranquillise har- 
bours of small reductive power, logs of timber, called booms, 
having their ends secured by projecting into grooves cut in 
the masonry on each side, are placed across the entrance of 
the inner basin or dock. From 10 to 20 logs are usually 
dropped into those grooves, or as many more as will insure 
close contact of the lowest log with a sill-piece placed in the 
bottom of the harbour. They are also warped down or fixed 
with an iron hasp at the coping course, without which precau- 
tion the swell is found to enter the harbour from underneath. 
By this contrivance, which forms a temporary wall, the waves 
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Bare checked, and completely prevented from spreading into 

Ptte interior bftsin. The longest booms I have seen are at 

Banff, where the span is 43 feet ; and in some places, as at 

Hartlepool and Sealiam, in Durhamsliire, they are taken out 

and in by steam-power. 

Though booms are i)erfectly succesaful in their tranquil- 
Itising effect (provided they are kept in contact with the sill- 
■piece at the bottom), yet they are not suited for harbours 
1 where there is much traffic, as the "shipping" and "unship- 
m^ng " of so many logs of timber involve a delay which might 
■Tie attended with serious consequences, though this risk may 
[be materially reduced hy the employment of hydraidic power. 
• Hollow booms, constructed of boiler-plate on the tubular 
■ bridge principle, might be found suitable for lai^e spans ; aud 
I if their buoyancy were destroyed by making them pervious to 
llfater, they would not require to be warped down, as is 
Inecessary when logs are used. 

Capacity of Harloumfor Commcrct. — The capacity of com- 
I mercial harbours for trade variee so much with the exposure, 
Y and size of vessels, that it is difficult to approximate to the 
I truth. At Eamsgate, for instance, there were found to be 
EBhout 6 vessels to an acre in the outer harbour, while there 
rwere about 14 in the inner and better protected baain. 

Capacilij fif Fishing Harbours. — In the Scotch fishing har- 
bours the number of boats used to be reckoned at from 85 to 
115 per acre ; but of late their size has been much increased, 
and probably not more than irom 80 to 90 could be accommo- 
I dated. The Cornish boats at New Lynn, according to the 
L Channel Pilot, vary from 60 to 80 per acre. 

Small ffarbaurs in some respecls more di^indt to design 
kthan Larger Ones. — I cannot leave this part of the subject 
r without observing that in some particiilars the difficulties of 
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design are inversely proportional to the extent of the works. 
Indeed, if the piers inclose a very large area> some of thp 
elements of difficulty nearly altogether disappear. Little at- 
tention need then be given to those questions which are so 
troublesome in small basins regarding reductive power, want 
of spend, and recoil of waves ; and comparatively little as to 
the width of the entrance. 



CHArTEE IX. 

DOCKS, TIDE-BASINS, LOCKS, GRAVING-DOCKS, SLIPS, ETC. 

Advantage of Docks — Entrances to Docks and Slii)s — Outer or Tide Basins — 
I'roportions — Locks — Dock of Maximum Capacity — Available Capacity of 
Quays — Shelter and Capacity of Docks : Amount of work done at — 
Graving Docks — Iron Floating Dock — Hyilraulic Lift — Patent Slips — 
Gridirons — Hydraulic and Screw Docks — Relative Advantages of Slips 
and Graving Docks — Shipbuilding Stances — Dock-gates. 

On applying our formula (p. 147) to any design for a har- 
bour, we shall soon find whether it be possible to secure a 
sufficient amount of sheltered space within the piers. If 
the calculation shows that this cannot be done, the best course 
will be to divide the inclosed area into an outer and inner 
harbour ; and if the reductive power even of the inner basin 
be still found too small, a dock or tide basin with gates may 
then bo resorted to. But in considering the eligibility of 
docks we must also remember that the principal advantages 
which they confer are the great conveniences for trade, which 
warrant their adoption in places where no protection from 
tlie waves is required. 

Advantages of Docks. — Tlie peculiar advantages afforded 
by docks are tlie following : — Vessels can be accommodated 
in the smallest possible space, and are enabled to lie 
constantly afloat ; whereas in tidal harbours where they take 
the groiuid they are apt to be strained, or to have their floors 
broken. But there are other sources of mischief than tliis, for 
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often, when the tide is ebbing, vessels, unless watched, fall 
against each other. In two instances, one of which gave 
rise to subsequent legal proceedings, where the bottom, 
which was muddy, had a considerable declivity, a ship, which 
had taken the ground on the beach near low-water mark, 
was actually run down and damaged by another stranded 
vessel, the warps of which suddenly snapped and freed 
her from the moorings at the quay, thus causing a collision 
between vessels, both of which were at the time high and 
dry. Tlien there is the chafing of the vessels' sides against 
the quays, and the breaking of warps during stormy weather, 
or during land floods where there is a river. It is said that 
at Sunderland damage to the extent of £40,000 was occa- 
sioned in one day by large quantities of ice that came down 
the Wear. When a vessel is in dock, she can be easily and 
at all times moved from place to place, while the operation 
of discharging and loading can go regularly on during any 
time of tide. Her level, too, is never much affected, so that 
the cargo does not require to be hoisted so high as would 
otherwise be necessary. 

The relative eligibility of docks or tide basins depends much 
on the rise of the tide. In such rivers as the Clyde and the 
Foyle, where the lift does not exceed about 9 or 1 feet, docks 
are less needed than at the IMersey, Bristol Channel, and simi- 
lar places, where the rise is from 30 to 50 or even 60 feet. 

Entrances to Docl's and Slijhs. — ^Ir. Eedman, who has 
devoted much attention to the subject of the entrances to 
docks placed in a tideway, says " the practice in the port- of 
London is to dock a ship upon the flood just before higli water, 
and to undock her at about the same period of tide. . . . 
The directions apparently the most desirable are an angle of 
about 45°, pointing up the stream, for graving docks, and an 
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angle of about 60** for wet docks." * Each case must, however, 
be judged on its own merits ; as, for example, where there is 
a liability to the deposit of silt, it may be better that the 
entrance should point down stream. 

Outer or Tide Basins, — The lock-gates through which vessels 
enter a dock are thrown open, as at Liverpool for example, "|- 
for about two hours at high water, so that vessels can pass 
freely out and in. But as the tide falls they must be sliut, 
otherwise the level of the water in the dock would be too much 
lowered. After that time of tide vessels can only enter or 
leave by being locked up to the dock or locked down to the sea. 
Outer or half-tide basins, first introduced, it is believed, by the 
late Mr. Jesse Hartley, are formed between the lock and the 
sea, and admit of a large additional traffic being accommodated. 
The entrance to such basins is provided with sea gates, which 
are kept open till lialf-tide, or such other time of ebb as is 
found most suitable to the situation. Ix)ng after the lock- 
gates which form the entrance to the docks are closed, inward- 
bound vessels can run into the outer basin, and be afterwards 
passed into the docks; and in like manner outward-bound 
vessels can be passed down from the dock long after high 
water. 

Ttie Proportions of Otiter Basins to Dock Areas. — The 
relative proportions of area of the outer basins to docks vary 
at different ports, according to the amount of traffic to be pro- 
vided for. The following Table shows the proportions at one 
or two harbours : — 

• Min. Civ. Eng. vol. xviii. p. 495. t Artizan, vol. iii. ]). 221. 
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Proportions of Dock Areas to Areas of Outer Basins. 





Acrea. 


RaUo. 


Bute Docks (East) Cardiff 
Do. (West) „ - 
Penarth .... 

Tyne 

Liverpool (General) 


J Basin 2.15 ) 
( Dock 42.33 J 
j Basin 1244 ) 
\ Dock 16.86 j 
( Basin 2.68 ) 
( Dock 17.11 j 
1 Basin 9.5 ) 
I Dock 50.0 j 
j Basin 13.0 ) 
\ Docks 107-0 J 


1 :20 
1 :14 
1 :65 
1 : 5.25 
1 : 8.23 



Locks, — It is a curious fact, illustrative of the strength of 
prejudice, that, when Whitworth proposed to form a lock at 
Leith, in 1786, it met with strong opposition, on the ground- 
of its being dangerous to shipping. Such an objection, it is 
almost needless to add, is never now heard of. 

The dimensions of locks depend, of course, on the class 
of shipping that has to be provided for. In France the 
amount of side-jylay that is allowed for merchant vessels is 
generally .65 foot, and 1 foot for vessels of the first class. 
Minard allows from about 4 inches to about 10 inches between 
the sill and the vessel's keel At Flushing he provided about 
^j^ foot for vessels drawing 24 feet ; and he has seen ships of 
war pass through with only 6 inches under their keel The 
following table, taken, by permission, principally fi-om the 
late Mr. Beardmore's Tables, shows the dimensions of some of 
the locks and docks at different ports : — 
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TABLE. 





Length 
of Lock. 


Breadth. 


Depth over 
Sill at High- 
water Uprijigs 




Ft In. 


Ft In. 


Ft In. 


Leith(East) 


160 


36 


18 5 


Dundee (Victoria) 


230 


60 


21 


Aberdeen (Victoria) - 


250 


60 


21 


Dublin (Large Dock) - 


180 


36 


18 


Cork - - . . 


180 


46 


18 6 


Bristol (Cumberland) - 


260 


54&67 


30 


Plymouth- . - - 


250 


55 


24 


Newport - - - - 


225 


61 


25 


Cardiff .... 


152 


36 


19 


Swansea .... 


165 


56 


21 6 


Ipswich - - 


150 


45 


16 6 


Hull (Humber) - 


158 6 


42 


24 


Great Grimsby ... 


300 


70 


26 


Goole (Rail way) - 


266 


58 


19 


„ (Barge Dock) - 


72 6 


19 6 


9 


Middlesborough - 


132 


30 


19 


London (Victoria) 


326 6 


80 


28 



Lockage. — ^The late Dr. Bankine, in his Manual of Civil 
Enginceringy gives the following table for the expenditure of 
water due to the passage of vessels through the lock : — 

Let L denote a lockful of water, that is the volume con- 
tained in the lock chamber between the upper and lower water 
levels. 

B the volume displaced by a ship. 

Then the quantities of water discharged from the dock 
are shown in the table. The sign — prefixed to a quantity 
of water denotes that it is displaced from the lock into the 
dock. 
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1 

A descending ship . 

do. do. . 

An ascending ship . 


Lock found 


Water 
dischaiged. 


Lock Ml 


Empty . 

Full 

Empty or full 


L-B 

-B 

L + B 


Empty. 

Do. 
Full. 


2 n ships descending and ) 

ascending alternately ( 

Train of n ships descending 

Do. do. 

Train of n ships ascending 
Two trains of n ships — ) 
the first descending, the > 
second ascending ) 


Descending full 
Ascending empty 
Empty . 

Full . . 1 

Empty or full 

Full 


nL 1 

» L -ra B 
(;i-l)L- 

nB 
»L + nB 

(2»-l)L 


Descending empty. 
Ascending fuIL 

> Empty. 

FulL 

FulL 



From these calculations it appears that ships ascending and 
descending alternately cause less expenditure of water than 
equal numbers of ships in train.* 



Tables showing Dimensions of different Docks. 







Length. 


Breadth. 


Sunderland - 


- 


645 feet 


147 feet 


Leith (Eiist) - 


- 


250 


)i 


100 „ 


„ (Victoria) 


- 


233 


» 


200 „ 


Aberdeen 


- 


950 


jj 


175 „ 


Dublin (large) 


- 


217 


>J 


100 „ 


Galway 


- 


239 


V 


193 „ 


Limerick 


- 


270 


>> 


130 „ 


Bristol (Cumberland) 


245 


>» 


90 „ 


Plymouth 


- 


420 


» 


150 „ 


Newport 


- 


270 


>> 


73 „ 


Swansea 


- 


760 


>j 


80 „ 


Great Grimsby 


- 


600 


V 


167 „ 


Hull (Victoria) 


- 


480 


» 


126 „ 


Goole (Barge) 


- 


290 


j> 


50 „ 


„ (Sliip) 


- 


234 


» 


67 „ 


,, (Steamer) 


- 


120 


» 


164 „ 


Middlesborough 


- - 


400 


?> 


130 „ 



* Mrtuunl of Civil EiigintHiin^', by W. .1. M. IJaiikiiie ; Lomlon, 1862, p. 751. 
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Doik of Maximuvi Accommodation for Trade. — Fig. 27 
is an attempt to represent the form of maximum capacity 
for a dock, and although in most cases, owing to local 
circurastancea, it may not be possible of adoption, yet it 
may be sometimes at least approximated to. Internal 




jetties witli a broken line of quay are in common use, but 
the radiating arrangement lias not, so far as I know, been 
adopted. The object i3 to secure as much room as possible 
at and near the entrance. 

Available Capacity of Quays. — The amount of work that 

can be done per yard-length of quay varies with the different 

facilities which are affoi-ded for traffic, as, for example, 

whether common cranes or steam or hydraulic cranes are used, 

or whether there are ordinary carting or tram-ways connected 

with the shipping berths, or whether the depth of water in 

front is small or great, or whether the quay is exposed to the 

I rise and fall of the tides aa in a river, or whether the ships 

I are always water-liome as in a dock. The available free spaca 

I of ground behind a quay forms also an important element as 
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regards traffic. Wherever possible, it is desirable to have at 
least ICfO feet of breadth behind the quay. At Glasgow there 
is generally allowed 115 feet of space. Vessels of 150 tons 
require about 100 feet of quay. 

The following Table, given in Mr. Ure's report on the ex- 
tension of Glasgow harbour in 1854, gives the amount of work 
done per annum, per yard of quay and per acre, at different 
ports : — 



Glasgow, including Kteamern 

,, excluding do. 
Southampton tidal harbour 
Liverpool Docks 
St. Katharine's Docks 
liuU Docks 



Tonnage per Tonnagu per 
Acre of Lineal Y&nl I 
Water Si»ac«'. ofQiny. 



Bemarics. 



30,670 
20,361 
20,000 
21,200 
20,500 
19,000 



440 
293 
350 
185 
142 
143 



' Fully worked. 

Could do more. 
Fully worked. 
Do. do. 
During nine months. 



To this may be added the old Bute Docks, which did 788,960 registered 



tons, or — 
Tync Docks 



39,448 
40,000 



255 



Table of rRorom ions of Quay per Acre of water space. 

Lineal Feft. 



Ka.st India 

Tabic liay - - - 

SDUlhampton 

lUrkcnhcad - - - 

lUdftu^t (i»ro]>osed) 

lluskisson, LiveriM>ol - 

S^mdon 

\Vollinj;ton 

Ununlcv 



♦> 



»i 



LinoHl Foot. 

- 216 

- 240 

- 180 

- 474 

- 216 
225 
260 
306 
282 



Nelson (Liverpool) 
Siilisburgh „ 
Colliiigwood „ 
Stanley „ 

Clarence 



Trafalgar 

Victoria 

Princes 



«» 



»> 



300 
393 
330 
321 
456 
381 
411 
405 



Tho above is from a statement of ^Ir. Brunlees, and from 
other sourees. Sir John Coode statiS that the proportion is 
generally fivni 200 to 250 feet per aeiv. 

J>ix\\'s .<Jtould h' sJultercit from iriml. — After the en^nneer 
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has succeeded in designing a dock which is sufficient, in 
so far as the sea is concerned, it may after all not prove 
safe and convenient^ if it be exposed fully to the force of the 
wind, which, acting on the rigging and hulls of the shipping, 
produces a grinding action of the vessels against the quays. 
At Sunderland south dock, and at the docks in the Tyne, the 
gales of October 1863 occasioned very considerable damage, 
from vessels breaking adrift from their moorings, and coming 
into collision with other vessels. 

• Capacity of Basins and Docks for Trade. — The number of 
vessels that can be accommodated in each acre of a basin may 
be termed its availahle capacity. This must obviously vary 
with the size of the craft which frequent the port, and with the 
ratio of sheltered to unsheltered acreage, or, in other words, 
with the exposure and the reductive power. It will therefore be 
highest for a dock with gates, less for an outer basin into 
which the waves have access, and least of all for an anchorage- 
breakwater or roadstead. But it also depends on the form of 
the basin, and on its area in relation to the class of shipping to 
be accommodated. It is hoped that a tolerably good approxi- 
mation to the capacity of a dock will be found by the formula 

1000 
n^—^ + a 

where n represents the number of vessels per acre, and t their 
average tonnage, a is a coefficient which may perhaps be 
taken at from 4 to 5. 



mnage. 


Nuiulter of 

Vessels i»er Atre, 

by Fuiniula. 


Tonnage, 


Number of 

Vcsaelii per Acre, 

by Fwrniula. 


100 


• 


14.0 


350 


6.9 


150 


- 


10.6 


400 


6.5 


200 


- 


9.0 


450 


6.2 


250 


- 


8.0 


500 


6.0 


300 


. 


7.3 
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Commercial Value of Docks of different Depths, — The 
capacity depends not on the area only, but on the depth as 
well. The proportions of depths to tonnage are referred to in 
Chapter XL 

Sir J. Hawkshaw has introduced the plan of erecting a 
series of separate jetties on the sides of docks, instead of con- 
structing continuous quay-walls. A large traf&c C€Ui in this 
way be accommodated at a very considerable saving of cost 
Such jetties, being formed of timber framing, render the 
expense of stone foundations resting on pile-work unnecessaiy, 
while they admit of the construction of continuous quay-walls 
of masonry, when a future expansion of the trade of the port 
justifies that additional expenditure. 

Graving Docks, Patent Slips, Gridirons, etc. 

Although graving docks are generally unremunerative, yet 
they largely tend to raise the character of a port ; and hence 
almost all harbours of any importance have either graving 
docks, Morton's patent slips, or gridirons. 

Graving Docks are basins, fitted with gates, from which 
the tide-water which floats the vessel into the dock is pumped 
out, so as to let the carpenters get access to the ship's bottom. 
The sides of graving docks consist of a series of steps of 
masonry, called altars^ against which small timber props, 
generally of Gulf of Bothnia timber, are placed, for supporting 
the vessel's sides as she ceases to be water-borne. Her keel 
is supported on blocks, generally of hard wood, but of late 
years they have in some places been made of cast iron. The 
sides, in order to save pumping, are in some places made of a 
curved form, so as to suit the shape of the vessel's sides. The 
advantages are, however, more than counterbalanced by the 



DOCKS, TIDE-BASINS, LOCKS, ETC. 



165 



I 



undue contraction of the space allotted for the carpenters, 
who are iinahle to move about easily on the sloping surface 
of the masonry. 

Of all the different kinds of masonry which enter into the 
construction of marine works, there b none which requires 
greater accuracy of workmansliip, or more carefiil circum- 
spection, than the graving dock. Leakage in a wet dock, 
provided it does not originate at a place where it is liable 
to increase through time, and is of no greater extent than to 
depress the snrfaco of the water a few inches, cannot be re- 
garded as a serious evil. But in a graving dock, where the 
requirements are different, there should be no leakage. A 
very little water, accumulating on the platfonn of a dry dock, 
interferes to a serious extent with the comfort and convenience 
of the carpenters. Although it may occasion considerable 
additional expense, there ought, in all cases where the soil is 
full of springs, to be an ample underground storage provided, 
by & system of drains, for receiving the leakage, which can 
then be pumped out periodically, as required, without ever 
allowing the water to rise above the platform. 

Mr. G. B. Eemii^s Iron Floaiin^ Dock. — These docks are 
stated to be the first of the kind that have been made of 
iron. They consist of floating caissons for holding the vessel 
to be repaired. They are sunk by allowing them to fill with 
water, and are raised by pumping. The caissons are made 
with water-tight compartments, and they are carried up as 
high as the vessel's bulwarks, excepting that through which 
the vessel enters and leaves. Among several advantages tha 
Iiave been claimed for this kind of dock may be mentioned — 
its independence on the rise and fall of the tide, the jjower of 
applying breast shores as in an ordinary graving dock, and the 
produced by the side walls. As the upper parts of the 
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side walls or altars are always full of air, this dock may be 
used in deep water, and is therefore independent of the nature 
of the bottom. 

Mr, Edwin GlarKs Hydravlic Lift^ which is situated at the 
Victoria Docks, London, consists of a pontoon which is filled 
with water and sunk between two rows of iron columns. After 
a vessel has been floated and steadied upon the pontoon, the 
whole is raised by twelve hydraulic force-pumps of 2 feet 
diameter, acting on the pontoon by means of chaina After the 
pontoon has been brought above the tide-level, the water is 
allowed to escape, when there is sufficient floating power to 
admit of the whole being removed to any place where the 
repairs can be conveniently made. The pontoons which can 
accommodate vessels of a length of 350 feet are about 320 feet 
long and 69 J feet broad. " The power of the hydraulic lift is 
6400 tons. The largest pontoon will cany a dead load of 
3200 tons in addition to its own weight" 

Patent Slips are the contrivance of the late Mr. Thomas 
Morton of Leith, and consist of a carriage or cradle working 
on an inclined railway, falling generally at the rate of about 1 
in 17, and extending from several feet above high water to 
several feet below the level of low water, and a truck or car- 
riage which moves on it. When this carriage is let down 
under the water, the vessel is floated above the place, and the 
carriage is drawn up till it catches the vessel forwards. 
When the ship is placed truly above the line of the carriage, 
a powerful crab-purchase at the top of the slip, which is 
generally worked by steam, is set in motion, and raises the 
truck and ship out of the water. 

Mr. Redman reconiniends that slips which are placed in a 
tideway should be laid out at a right angle to tlie axis of the 
stream. 
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The OHdiitm is a simple framework of timber placed at a 
■level sufficient to admit of vessels being floated above it duviiig 
Ithe flood-tide, and grounded upon it dtiring the ebb, and when 
Btiius left high and dry the vessel's bottom can be examined to 
f BBcertaiii if it be necessary to take her into the graving dock, 
and trifling repairs can also be made. The gridirons at Liver- 
pool vary from 25 feet to 36 feet 3 inches in breadth, and from 
. 228 feet 3 inches to 313J feet in length* 

J7w Hydraviic and Screw Docks used in America are 

Biehambers into which vessels are floated during the flood-tide, 

■ftbove a cradle which is drawn up above the high-water level, 

tether l>y means of Bramah's press worked by a steam-engine, 

r by a powerful apparatus of screws. 

Jidalive Advantages of iS/i/w and Graidnff Docks. — The 

idvantages whicli the patent slip possesses over the graving 

>ck may be said to be — First, The cost of its constructiou is 

Second, When the fall of tide is languid, a vessel can 

merally be more quickly laid dry. Third, "When so laid dry 

slie can be more ensily examined, and from the duration of the 

daylight being greater than in a deep graving dock, the hours 

in which work can be done are in this country extended during 

Lffinter about forty minutes per day. Fourth, There is more 

jerfcctventilation, by which the vessel's sides are sooner dried, 

Xrliich is of some moment with an iron ship. Fifth, A vessel 

D be hauled up long before high water, and the repairs can he 

t once begun ; whereas with a dock the pumping occasions 

lonsiderable delay. Sixth, While the upper part of the slip is 

jcupied, an additional vessel may be taken up for a shorter 

me than its predecessor, without interrupting the workmen. 

The advantages afforded by a graving dock, on the other 
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hand, are — First, That, although its construction is inoi'e costly, 
it is nevertheless, if properly built, unquestionably a more 
durable structure — the rails, roUers, carriages, and chains, 
connected with the slip, being liable to derangement^ which 
entails occasional repair. Second, The management of the 
graving dock is simple, and involves comparatively little supeiv 
intendence ; whereas that of a slip is intricate, and requires 
more than mere nautical skill. Thirdy The working of a 
graving dock is equally simple for large or small vessels, wliilo 
it is undeniable that the raising of a large vessel on a slip is 
a delicate operation, and should be attempted only under the 
direction of persons thoroughly versed in such matters, and 
having ample mechanical resources at command. Faurthy 
The graving dock possesses the advantage, which is sometimes 
important, of affording the means of more easily filling a 
vessel with water, so as to detect leaks which may not be dis- 
coverable by other means. For this purpose a nozzle to receive 
a flexible tube should be fixed into the dock-gatea Fifths 
Wliere double gates are provided, the water contained in the 
dock affords a certain limited power of scouring the forebay 
and entrance, an advantage which is of course not possessed 
by a slip. Sixth, In any rapid land current, or strong tideway, 
it is a much easier process to dock a vessel than to land her 
safely on the cradle of a slip — an operation which, when incau- 
tiously gone about, has been in some cases attended with 
serious consequences even in sheltered situations. Seventh, 
The graving dock need not interfere with the set of the 
currents, whereas a slip which projects a long way seaward of 
low water may deflect them and produce shoals in the channel. 
Eiijhth, Air. Mallet has remarked that the strains on ships' 
timbers are more direct than when she is on a slip, especially 
when she is leaving the cradle. The late Mr. J. M. Rilfour 
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suggested, in order to meet tliis objection, that the cradle for 
a slip might be made of a wedge shape, so that its upper sur- 
face shall be porallel with the horizon, or that the back end 
flhould even be tilted slightly, so as to give a bile on the vessel 
and prevent Ler from slipping. 

The relative advantages of the other contrivances for the 
repair of sliips already described may be judged of by com- 
paring them with each other, in a similar manner to that 
which has been done with the graving dock and slip. 

Skipbuildin/f Stances. — A frontage of from 60 to VO feet ia 
about the average width which may be allowed for each 
shipbuilding stance. 

Dork-Gates. — Mr. V. W. Barlow has given the following 
formuhe for the strength of dock-gatea : — 

Formula/or Straight Gales, 
f = horizontal angle (or " sally ") between pointing sill 
and line joining heel-posta of the two leaves. 
W = pressure on the length of the gate with any head and 

for a given depth of the gate. 
S = whole transverse strain at angle f. 



S = 



*Ws 



1 



From this Mr. Barlow has deduced that the salient angle, 
■where the strain is the minimum, is 24° 54', but as the length 
of the gate increases with the secant, the strength will not at 
this angle be the greatest with a given section of timber. 

The s'tlhj or angle which gives the greatest strength, with 
a given section of timber, is stated by him as 19° 25'. 

Formtdafor Cwved Gales. 
\Vlien j is the salient angle, or camber of the beam, formed 



i 
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by a chord line drawn from the heel to the mitre-post, with 
the tangent to the curve of the gate — 

* ( sm. (2 f - tf) J 

There is great di£ference of opinion among engineers as to 
the strain to which dock gates are subjected, and the reader 
is referred for further information to the 18th and Slst 
volumes of the Minutes of Proceedings of the Institu- 
tion of Civil Engineers. In these discussions Mr. Brown 
pointed out an error in Mr. P. W. Barlow's paper, which 
stated that the line of pressure at the mitre-posts would 
always be a tangent to the curve of the separate gates, whereas 
that line must always be at right angles to the centre line of 
the lock, and could only be a tangent to the curve when the 
two gates formed a segment of a circle, or as Mr. Bramwell 
says, at all events, that their junction at the mitre-posts formed, 
at tliat point, part of a continuous curva Mr. Brown gives 
elaborate formulae suited to meet a yielding or deflection of 
the structure, which lie alleges must always take placa Mr. 
Bramwell states, and we. think justly, that when the gates 
form when closed a segment of a circle they cannot be sub- 
jected to transverse strain, and that the whole of the gates 
would be subjected simply to conipression. Mr. E. P. Brereton 
very properly suggests that when the gates are of malleable 
iron the boiler-plate should never be less than J of an inch 
thick, whatever the formula may indicate. 

Where I represents the length of one half of a straight 
or cambered malleable iron gate, w the distributed pressure 
over the length of the leaf taken on a given element of the 
gate, bounded by two horizontal planes one foot apart, / the 
thickness of fmniework of gate or distance between the two 
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skins, 8 the transverse strain in middle of gate, & half of the 
mitreing angle — ie. the angle formed by meeting of gates — all 
the dimensions being in feet, and weight in tons — 



s- 



it 



s 

- - sectional area of metal on compressed side in inches. 

4 

f do. do. on extended side do. 

d 

i w tan & = compressive strain produced by other leaf of gate. 

Mr. Kingsbury adds half of this compressive strain to the 
strain representing the compression due to the transverse 
pressure, and deducts it from the same amount for the ex- 
tension ; and these results being divided as before by 4 and 
6 respectively, being the allowances per square inch of metal 
for compression and extension, give the areas for each. He, 
however, expresses a doubt whether the whole of the compres- 
sive strain from the other gate may not perhaps come upon the 
compressed section. The sections close to the posts he takes 
as requiring to resist the compression due to transmitted 

J w tan & 
pressure only, or = 

For Cylindrical Gates, — Mr. Kingsbury gives : — When 
p = the pressure per unit of surface, and r the radius of 
curvature — 

^ = sectional ar«a of metal in square inches. 

OaiesploAxd in exposed situations. — It must be remembered, 
in designing gates which are exposed to the waves, that they 
should be made stronger than the formulae require. At Sea- 
ham the gates are 35 feet in width ; and on the supposition of 
the maximum waves outside being 13^ feet in height, as at the 
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port of Sunderland, which is only a few miles farther north, 
the formula for reduction (p. 147) indicates 4 feet as the 
height at the sea gates. But the dock is not available at such 
times, for whenever the waves exceed about 2 feet, it is found 
that the gates cannot be properly worked. At the north dock 
of Sunderland Mr. Meik informs me that the gates, which are 
51 feet wide, cannot be worked when the waves are 3 feet 
high ; while the greatest height of waves at the South Dock 
gates, which are 60 feet w^ide, is 8 feet, and they cannot be 
worked when the waves are 2 feet 6 inches high. 

The gates for graving or dry docks sustain a greater pres- 
sure with the same rise of tides than those of wet docks, and 
should therefore be made correspondingly stronger. 

Examples of gate-construction, as carried out at diffSsrent 
works, will be found in tlie Plates XIV. 3^. and XVI. 

Dock Walls, — Mr. Giles recommends that dock walls 
should always be made of suflBcient strength to resist a 
pressure of water equal to their height. Minard assigns 
four-tenths of the height for the thickness, and Eankine takes 
the ordinary thickness at from one-third to one-half of the 
height. Some examples will be found in Plate XVII. 
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Timber. 

Early Use of Timber, — The employment of timber in harbour 
works is of great antiquity. It seems first to have been used 
in forming boxes which were filled with stones, and at a more 
recent period in the formation of open frameworks through 
which the current could pass freely. Vitruvius mentions 
moles, consisting of timber filled with stones and cement, as 
having been used by the harbour-builders in his days. These 
structures, says he, " which are built in the water, are thus 
executed. The sand of the country, which extends from 
Cumae to the promontory of Minerva, is procured and mixed 
with lime in the proportion of two to one ; then in the 
intended place, fences of oaken piles, bound with chains, are 
fixed in the water, and firmly united. When this is done, 
the ground at the bottom of the water between these fences 
is by means of transtilli (?) cleaned and levelled, and rubble 
stones, with mortar mixed in the manner before written, is 
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thrown in, till the space between the fences is quite fulL" * 

It was probably to some such work that Horace refers in Ode 

Ist, lib. iiL — 

" OoDtracta pieces aequora aentiunt, 
Jactis in altum molibus ; hue iErequens^ 
Caementa dimittit redemptor." 

A harbour contract, in all probability the earliest which 
has been preserved, appears in the "Begistrum Nigrum de 
Aberbrothoc " — a collection of ancient documents printed by 
the Bannatyne Club, and edited by Mr. Cosmo Innes, Pro- 
fessor of Antiquities in the University of Edinbuigh. The 
contract, which is between the Abbots and Burgesses of Aber- 
brothoc (Arbroath), bears date 1394, and provides in the 
following terms for the erection of a haven by the Abbots, 
wMLe the Burgesses undertake to find the materials and to 
clear the ground : — 

" Tandem .... in hunc modum restat concordatum vide- 
licet quod Abbas et conuentus supradicti loco peritorum in- 
dicio eminenciori portum salutarem dicto burgo sumptibus 
suis .... ad quern et in quo naues applicare valeant et in ipso 
applicantes ipsius maris fluxibus et refluxibus non obstan- 
tibus salue quiescere et stationem habere securam omni 
celeritate possibili edificabunt constructum edificatumque 
imperpetuum sustentabunt burgenses vero burgi supradicti 
in huiusmodi portus edificacione auxilium tale exhibebunt 
quod sumptibus suis lapides omnes sabolum et alia portus 
constructionem impediencia removebunt ac semel dictum 
portum purgabuiit a sabolo et lapidibus cum pro dicto opere 
conueniens fuerit et necesse contiuuantes eciam dictam mun- 
dacionem a dicti portus fabrice inicio usque dictum opus fuerit 

* The "Architecture" of M. Vitruvius PoUio ; translated by W. Newton 
architect. London, 1791. Vol. i. p. 121. 
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perimpletum arcliaa oiunea pro portu orcJinatas ad consiliuiu 
magiBtroniin implebuut et locabunt ac lapidibua onerabiutt ad 
primam edificacioncm portus supradicti iDstrunieota certa ad 
hec scilicet vangas, tribulos, et gavyllox ferreos eoruni expensis 
iDuenient alia ■ vero inatrimieiita et oiiera Abbas et conuentua." 
Such is the accouDt of the practice of Scotch engiiieers 450 
years ago, from wliich it appears that the structures then 
erected consisted of timber chests filled with rubble stones* 

The earliest drawing of timber piers that I have met with 
s that of the ancient Port of Dunkirk in 1699, a copy of wliich, 
1 Belidor'a ArchUtcture Bydraultqvx, is given in plate No. 
Tills kind of structure is still not uncommon on the 
ists of the English Channel 
Ikstruction of Timber by Marine IiukcIs. — I n sheltered bays, 
jvhere a deep-water landing-place is all that is required, and 
pwhere the bottom is sandy or soft, timber may be employed 
witli great advantage. Even in somewhat exposed situations, 
it cau also be used for tidal harbours ; but the fatal evil in 

I places where there is no admixture of fresh water, is it-s rapid 
BestructioQ by marine insects. In the Atlantic Ocean, the 
•^ercdo imvalis is very destructive to timber, and is not, aa 
tomo writers suppose, of recent appearance on our shores. 
XJpwards of 300 years ago, the ravages of these aninmls 
attracted much attention in Scotland, and gave rise to the 
most absurd theories as to their generation ; and although 
the resemblance, one would thiuk, is sufficiently obscure, they 
were then firmly believed to be young sea-fowl of the kind 



* Frufessor Inncs appends a point of interrogiitiDn 
On cxanuning Agricula De re melaliiea, printed at B 



'rilmli described &9 



ft Idnd of Aamwer for breakia 



The tribnli were then obviously ii 



ided for breaking the stones with which the ardue or timber chests were t 
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called Klaiks* The baa*nacle {Lepaa ancUiferd) was fonnerly 
supposed to be the young of the barnacle goose, as the modem 
scientific name indicates. The form of the barnacle shell has 
perhaps a faint resemblance to a pair of bird's wings, and there 
is a feathery plume, which the animal can thrust out, and 
which of course helps the resemblance. At many places in 
the German Ocean, the Limnoria terebrans, which was first 
discovered by the late Mr, Eobert Stevenson at the Bell Bock 
Lighthouse in 1810, destroys most kinds of timber. Mr. 
Stevenson found f that Memel timber was destroyed by the 
Limnoria at the Bell Eock, at the rate of about one inch in- 
wards per annum. At Kingstown, the Chdura terebrans has 
also proved very troublesome ; and Mr. Eawlinson has found the 
common mussel nearly as destructive to timber as the Teredo. 
The Limnoria and the Teredo are found to eat most rapidly 
between the bottom and low-water mark, but above low-water 
the damage is not so great ; and, what is singular, they do 
not appear to exist at all below the bottom, where the pile is 
covered with sand. This result does not, however, agree with 
Mr. Hartley's experience at Liverpool, where the parts which 
were alternately wet and dry were noticed to decay faster 
than those which were constantly immersed. 

Experiments at Bell Bock. — Mr. K. Stevenson devoted 
much attention to the ravages of the Limnoria terebrans at 
the Bell Rock, where he established a regular series of obser- 
vations, beginning in 1814, which were made by fixing pieces 
of different kinds of timber to the rock, and getting regular 
reports on their decay. He found that grctnhcart, heef-woody 

* Hector Boece's " Kroniklis of Scotland," published at Edinburgh about 
1536. 

t Account of the IJcll Kock Li«;lithousp, ]>y K. Stevenson, F.U.S.K 
Edinburgh, 1824. 
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African oak, and hdld-trcc, were scarcely attacked by worms 
while teak stood remarkably well, and locust tolerably well 
although suffering at last.* He subsequently made other ex- 
periments, the results of which are also appended in the 
following Table : — 

• Dr. Bancroft descrilx's Grcemhtari or the Sipiera tree to be **in size like 
the locust tree, say 60 or 70 feet high : there are two species, the black and 
the yellow, differing only in the colour of their bark and wood. The green- 
heart of Jamaica and Guiana is the Lauriis chloroj-ylim of botanists ; it is also 
called cogwood in the fonner, and Sipicri in the latter locality. " . . . . 

" Botany Bay Oak, sometimes called Bccf-vooily is from New South Wales ; 
it is ship|)ed in round logs from 9 to 14 inches diameter. . . . Casua- 
riYkz j^Wc^a is caUed she oak, and also beef-wood." .... 

"Tlie African oak, or tcak\ as it is called, is not a species of Qucrcus. . . . 
Tcakwood is the produce of the Tcd^yna grandia^ a native of the mountainous 
ports of the Malabar coast, and of the Eajahmundry Circass, as well as of 

Java, Ceylon, and the Moulmein and Ternisserim coasts In 25 

years the teak attains the size of 2 feet diametiT, but it re(piires 100 years to 

arrive at maturity African teak does not belong to the same 

genus as the Inilian teak ; by some it is thought to be a Euith<rrhiaccou8 plant, 
and by Mr. Don to be a VUejcJ*^ .... 

" Balht-wwHl from the Virgin Ish's, West Indies, is the produce of a large 
tree with a white sap ; the wood is greenish hazel, close and hanl. It is used 
in the country for building purposes, and resembh^s the greenheart . . 
Another si>eoies so caHed is supposed to come from Berbice." 

** LiKuM-ircc. — The locust-tree of North America is Itohinia I'^vAocacia, 
The wood is greenish-yellow, with a slight tinge of red iu the pores ; it is used 
like oak. Locust is much esteemed for treenails for ships. . . . Tlie 
locust-tree of the West Indies and Guiana is Hymcnca Courhitsil (Somiri), a tree 
from 60 to 80 feet in height, and 5 or 6 feet in diameter. The colour of the 
wooil of the West India locust-tree is light reddish-brown, with darker veins, 
and the mean size 36 inches." — Descriptive Catalogue of iJte Woods conwunily 
used in thiscounin/f with Botanical Notes, by Dr. Royle : London, 1843. 
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TABLE showing the differeot kinds of TimbeT which were exposed 
to the attacks of the Limnoria terebrans at the Bell Rock in 1814, 
1821, 1837, 1843, with their durabilities. 







Un- 








Decay 


sound 
and 

quite 
de- 


Quite 




Kind of Timber. 


first ob- 


sound 


Remarks. 




served. 


for 








cayed. 








yrv. mo. 


jTTS. mo. 


yiB. mo. 




iGreenheart 


• ■ 




19 


1 Affected in one comer. 


Teakwood 


• • 




18 




Beef-wood 


• • 




18 


- 


Treenail of Ballet- wood . . 


• • 




5 


s A little holed at one aid under- 


SBeech, Payne's patent pro. 


10 7 








neath. 


Tealcwood 


5 6 








• Nearly sound 7} yean alter being 


«AMcanOak 


5 6 








laid down. 


Do. do. . . 


4 11 


10**0 






* Nearly sound 7^ yean after being 


English Oak, kyanised 


4 7 


10 






laid down. 


Teakwood 


4 7 


12 








•American Oak, kyanised . . 
British Ash 


4 3 
3 


• • 

5 






• Decaying but slowly 6 years and 
7 months after being laid down. 


Scotch Elm 


3 


5 








Ash 


2 11 


4 3 








English Elm 


2 11 


4 7 








•Plane Tree 


2 11 


• • 






• Decaying but slowly 6 yean and 


American Oak 


2 11 


4 7 






7 months after being laid down. 
^ A good deal decayed when first 
observed. 


^Baltic Red Pine .. 
English Oak 


2 9 
2 4 


4 8 
4 7 






•Scotch Oak 


2 4 


• • 






• Much decayed when first ob- 


Baltic Oak 


2 4 


4 8 






served. 


Norway Fir 

Baltic Red Pine, kyanised . . 


2 4 


3 1 








2 4 


4 7 








Pitch Pine 


2 4 


4 3 








American Yellow Pine 


2 4 


8 7 








American Red Pine . . 


2 4 


3 1 








Do. do., kyanised.. 


2 4 


4 7 








Larch 


2 4 


4 3 








'Honduras Mahogany 


2 1 


• • 






* Nearly sound 3J years after lieing 


Beech 


1 9 


3 1 






laid down. Washed away 6 


American Elm 


1 9 


3 1 






months later. 


Treenail of locust 


• • 


6 


3 







British Oak 


1 6 


6 








American Oak 


1 


5 








Plane Tree 


1 6 


f) 








Honduras Teak treenails . . 


1 6 


5 
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1 6 


6 








Scotch Fir, teak treenails . . 


1 6 


3 








Do. from Lanarkshire . . 


1 6 


3 








Do. do 


1 6 


3 








Do. locust treenails 


1 6 


3 








Memel Fir 


1 6 


6 








wPitch Pine 


1 6 


2 C 






w Going fast when first observed. 


English Oak 


1 1 


3 1 








Italian Oak 


1 1 


3 6 








Dantzic Oak 


1 1 


2 6 








English Elm 


1 1 


1 6 








Canada Rock Elm . . 


1 1 


1 6 








Cedar of Lebanon . . 


1 1 


2 6 








Riga Fir 


1 1 


1 6 








Dantzic Fir 


1 1 


1 








Virjfiriia Pine .. 


1 1 


1 6 








"Yfllow Pine 


1 1 


1 6 






11 A good deal gone 18 months aft«»r 


Red Pine 


1 1 


1 6 






iH-ing laid down. Swept away 


laCawdie Pine 


1 1 


1 6 






by tlie st-a 7 months aftorwartl.s. 


wi»oliHh Larch 


1 1 


1 6 




^2 \ g(M)<l (leal deoiiyi'd when lirst [ 


Birch, Payne's patent pro. . . 


10 


1 10 






observed. 


American locust treenails .. 


8 

1 


3 




" Going fast when first observed. 



MATKRIAL8, KINDS OF MASONRY, ETC. 179 

GrecDhcart timber, though not absolutely impenetrable, 
1 appears from Mr, Stevenson's esperimenta, is the great 
specific in seas wliere the worms are destructive. Greenheart 
appears to have been first used as a material by Mr. J. Hart- 
ley, who, in 1840, published, in the Minutes of Institution of 
Civil Eugineei-s, an account of its virtues, as ascertained at the 
Liverpool Docks. Its cost ts, however, considerably greater 
than Meinel, or than most of the other timbers in common use. 
Mr. D. Stevenson gives the following account of recent ex- 
perience ; — "It was, I believe, for the first time employed 
for staging at Wick Bay, where logs of pine coidd not with- 
stand the waves ; and it was on removing the temporary 
greenheart staging, that had been in use from two to four 
years at "Wick, that I first became fully aware that the Lim- 
nnria would perforate that timber, Some of these logs were 
found to have been attacked by the Limnoria throughout the 
whole surface, extending from about low-water mark to the 
bottom. This discovery caused no little surprise and regret, 
as engineers had always looked on greenheart as proof against 
destruction by marine insects ; but being the first, and it was 
hoped perhaps an isolated instance, I did not consider it 
Ljiecessary at once to record the fact. 

■ "I have since, however, received a specimen of timber taken 
•'from one of the piles in the steamboat pier at Salen, in the 
Sound of Mull, which was erected four years ago, the main 
piles being made of sound greenheart, and I find that in this 
locality also the Limnoria has commenced to perforate the 
timber. 

" In both of these instances sufficient time has not elapsed 

to allow the wasting to make great progress, but in both cases 

the perforators have penetrated into what is unquestionably 

_..«oui)d fresh timber ; and therefore this result contlicta with 
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cei-tain other experiments, such as those made at the Bell Eock, 
where the greenheart remained nearly sound after nineteen 
yeare' exposure. 

" Tlie joint paper of Dr. Maclagan and Dr. Gamgee on green- 
heart in the Society's * Transactions ' states that by subjecting 
greenheart wood to a process identical with that nsed for the 
extraction of sulphate of bebeerine from the hark, a product 
is obtained possessed of an intensely bitter taste, and not 
differing perceptibly from the sulphate of bebeerine. This 
may account for wounds produced by a splinter of green- 
heart not readily healing. 

" I am also disposed to think that it is to the existence of 
this alkaloid in the timber, and not to its hardness, that its 
undoubted power of withstanding, in certain cases and for a 
certain time, the action of the Limnoria is due ; and it woxild 
be interesting to discover whether the wasted portions of 
greenheart at Wick and Salen produced bebeerine in a 
smaller degree as compared with sound timber. It is 
possible, as suggested by Sir Kobeit Christison, that long- 
protracted immersion in sea-water may so counteract the 
preserv^ative principle due to the bebeerine in the timber as 
to render it open to attack. It is also possiljle that the green- 
heart now imported in such large quantities has degenerated, 
like the * Crown Memel/ which, it is well known, cannot be 
procured of the same high quality as formerly. Change of 
soil, moreover, affects the growth of trees, and is perhaps 
sufficient to account for the gi-eat variations in the quality of 
forei^n-<J^ro^^^^ timber. 

'* In any view of the case, however, it seems necessary, in 
connection with my former notice, to make known the fact 
thiit greenheart, as now imported, and generally ujied in marine 
works, is not, as was hitherto sui)posed to be the case, wholly 
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proof against the ravages of tlie Limnoria terebrans, suggest- 
ing, perhaps, increased care in its selection, altliough I believe 
it must still be regarded as the most durable timber that can 
be employed in such works. It is almost unnecessary to add 
that these observations refer to localities where the timber is 
exposed to what may be termed sea-water, and not to situa- 
tions where, from admixture of fresh water or other causes, 
the ravages of the Limnoria are greatly mitigated, or alto- 
gether unknown."* 

Protection of Timber, — Memel logs for the interior piles of 
piers, where they will not be liable to suffer by abrasion from 
ships, might perhaps be clad with greenheart planking at 
those parts which are exi)osed to the- worm. Cojyjper slicaihing 
ami scupper nailing are often successfully employed as pro- 
tections for piles in exposed situations. The scupper or broad - 
headed nails are driven so closely as almost to touch each 
other ; and the oxide of iron enters into the outer skin of the 
wood, which becomes hard enough to defy the worm. Green 
iungs of pine or other wood, when placed among piling, have 
been found, in Sweden, to prevent the attacks of the worm. 
Breaming or scorching timber, and saturating it, while hot, 
with a mixture of whale oil and thin coal tar, also forms a 
temporary protection. The crcosoting process, patented by Mi'. 
Bethel, and which has been so largely and so successfully 
introduced for preventing the decay of railway sleepers, 
bridges, etc, has recently been much employed in the con- 
struction of timber works subject to the attacks of marine 
insects. Mr. Bethel recommends that the timber for such 
purposes should receive 10 lbs. of crcosoting fluid to each 
cubic foot^ which is tested by weighing each log before and 
after it leaves the crcosoting tank. It was confidently be- 

* Proccwlings Roy. Soc. Eilin. vol. viii. p. 781. 
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lieved that Mr. Bethel's very important invention, which had 
proved so efficacious in preventing the ordinary decay of wood 
on land, would be found equally useful for timber immersed 
in sesrwater. It was first found, as might indeed have been 
readily anticipated, that it would not answer the end expected, 
if the timber were cross cut, or scarfed, afUr the fluid had 
been injected. But it was afterwards discovered that the 
woody fibre was eaten, even although the outer skin had 
suffered no injury of any kind after being in the tank. Mr. 
D. Stevenson has lately directed attention to this fact, and 
has proved that at Scrabster, Invergorden, and other places 
where the timber was thoroughly creosoted, it has been very 
much destroyed by the worm, which undoubtedly eats the 
timber freely, even though it be still black with the creosote, 
and continue to emit its pungent odour. Mr. A. M. Rendel, 
in his evidence on Leith Harbour, asserts, from the experience 
he has had at that port, that the life of timber fully creosoted 
is limited, at Leith Harbour, to about 20 years* 

Pile-work. — Dr. Eankine's formulae "f- for the strength of 
pile-work are, when — 

P is greatest load which a pile is to bear without sinking 
farther, in tons ; 
W, the weight of ram used for driving it, in tons ; 
/i, the height from which the ram falls, in feet ; 
/, the length of the j)ile, in feet ; 
x, the depth it is driven by the last blow, in fractions of a 

foot; 
S, its sectional area, in square inches ; 
E, its modulus of elasticity ; 

(Approximate values of E in tons on the square inch — elm, 
400 to 600 ; beech, about 600 ; greenheart, 500 to 600)— 



* Evi«lence, Select Committee on Leith Harl)our. 1860. 

t TTseful Ilules an«l TaMes. By W. J. M. Kankine. Lond. 1860, p. 183. 
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Wh P/ 



X = 
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The pile must be driven until the additional depth gained by 
each blow of the energy Wh becomes not greater than a^ 
The energy required for the final blow is — 

And, finally — 

Professor Stevelly gives a simpler formula, which assigns 
a considerably smaller value to the safe load. 

When W is weight of ram, in tons ; 

W, weight of pile, in tons and decimals ; 
h, height of fall, in feet and decimals ; 
d, depth yielded, in feet and decimals ; 
L, safe limit of load, in tons ; 

= ^^ (w?w) 0- 



L = 



ScreW'PUes. — ^The load supported by a screw-pile in prac- 
tice ranges, according to Eankine, from 3 times to 7 times the 
weight of the earth which lies directly above the screw-blade. 

Advantages of Timber over Stone as a Material. — It is much 
to be regretted that greenheart, which so long resists the worm, 
is so expensive in this country, and that some simple and 
economic specific against the worm has not been discovered 
for protecting Memel and the cheaper kinds of pine. The 
grand desideratum in harbour works, which is the v?ant of 
continuity in the structure, would be supplied by timber work. 
It follows from the known laws of fluids that each individual 
stone in a pier which is equally exposed throughout its whole 
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length, is subjected to a force which it can only resist by its 
own inertia, and the friction due to its contact with the ad- 
joining stones. The stability of a whole work, if not cemented 
by hydmulic mortar, may therefore be perilled by the use of 
small stones in one part of the fabric, while it may be in no 
way increased by the introduction of heavier stones into other 
parts. By the use of long logs of timber, carefully bolted to- 
gether, a new element of strength is obviously obtained. 

Destruction of Stone. — Even solid rock is destroyed by the 
persevering efforts of the Pholades and Saxicavse. The Pholas 
perforates wood, limestone, hard and soft argillaceous shales, 
clay, and sandstone. Though the Saxicavee, which attack the 
limestone blocks of the Plymouth breakwater, do not penetrate 
more than half a foot from the surface, yet their holes are so dose 
to each other as to make it easy to break off the outer portions of 
the stone, when a new surface is laid open to their attack.* 

Destruction of soft Rock in situ hy the Pholas. — I observed 
lately at Kirkcaldy a curious example of very serious mischief 
which had been caused by the gradual excavations of the 
Pholiis. The quay-walls and gate-chamber of the scouring- 
basin, which is also used as a wet dock, were built on beds of 
shale or tile, which I am told formed originally a most secure 
and incompressible foundation. But several years after the 
work was finished the masonry gradually settled, and is now 
so much sunk that botli the quays and gate-chamber have 
become ruinous. Persons on the spot believed that the settle- 
ment was occasioned either by want of strength in the 
masonry, or by the sinking of old coal workings, w^hich were 
supposed to exist below the harbour. But on examining the 
bottom, I found it completely honeycombed by the Pholas, 

* History of Hritisli AFollusca. By Edward Forbes and S. Hanley. Lend. 
]8r>3. Vol. i. p. 101. 
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which, getting access through the water in tlie dock, had per- 
forated the shale-beds on which the walls rested, and which, 
before the dock was excavated, had never been exposed to 
their attacks. So firm and compact had the shale been at firet 
that the masonry, instead of being carried down to the level of 
the bottom of the dock, was founded on the top of the shale. 

As the number of perforations in the shale increased, its 
power of resisting compression must obviously have gradually 
decreased in a con^esponding degree, till at length the weight 
of the quay-wall would begin to crush the shale. But it is 
evident that the settlement thus occasioned could not have 
been equal over the whole area of the foundation, because the 
outer portions of the shale, being next the water, would 
necessarily be more honeycombed than the interior, and hence 
the outer facing of the walls would sink more than the hick- 
imj, which was precisely what was found to take place. 

Iron. 

Mr. R. Stevenson's Experiments on the Durability of Iron, — 
In addition to the experiments on timber, twenty-five different 
kinds and combinations of iron were tried at the Bell Bock, 
including specimens of galvanised irons. All the ungal- 
vanised specimens were found to oxidise with much the same 
readiness. The galvanised specimens resisted oxidation for 
three or four years, after which the chemical action went on 
as quickly as in the others. Although the association of zinc 
with iron protects, so long as it lasts, the metal with which it 
is in contact, it must be remembered that this immunity is 
obtained at the expense of the zinc, the tendency of which to 
oxidisation is proportionally exalted so soon as any part of 
the iron is exposed. 
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Mr, George Rennie^s Hxperinients on the Durability of 
WrmcgJU-iron, Cast-iron, and Bronze, — Mr. George Bennie 
made experiments in 1836 on one-inch cubes of wrought- 
iron, of cast-iron, and of bronze, with reference to the question 
of their eligibility for lighthouse purposes. In narrating his 
experiments and their results Mr. Bennie says — 

" The cubes, being previously weighed, were then plunged into 
a saline dilution considerably stronger than sea- water, as follows : — 

Muriate of Soda 122 graina 

Muriate of Magnesia . 25 „ 
Muriate of Lime 6 



Sulphate of Soda . 30 






183 grains dissolved in 10^ oz. of 
Thames water. 

" The cubes were then taken out of the water, after being im- 
mersed seventy hours in separate vessels. The cast-iron was found 
to have lost ijaVrth part of its weight, while the wrought- iron had 
only lost 6d\o th of its weight, being in the proportion of two loH 
by the cast-iron to one only lost by the wrought-iron ; while the 
brass cube only lost loooo th part of its weight, which is decisively 
in favour of bronze^ in the ratio of three to one. 

"The cast and wrought iron cubes, being accurately weighed, 
were again plunged into a strong dilution of 1 measure of muriatic 
acid to 25 measures of Thames water, when, after remaining twenty- 
one hours, the cast-iron cube was found to have lost -gVd of its 
weight, and the wrought-iron only ^^-^th of its weight, being in the 
proportion of 8 ^o 1 in favour of wrought -iron^ 

Ancient Bronze Relics. — The wonderful durability of bronze 
is well shown by the axe-lieads and other articles belonging 
to preliistoric periods, which are from time to time discovered 
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in making excavations in gravel-drift. Five bronze axes 
were recently turned up in the worka of excavation for the 
Edinburgh and Leitli sewerage. Nothing could exceed the 
sharpness of the edges and the projections of the ornamenta- 
tion, and tliey were all remarkably free from oxido. 

Mr, MalUU's Riycritnents. — The important experiments of 
Mr. Mallet on specimens sunk in the sea showed that the 
amount of corrosion decreased loiili the thickness of the easting, 
and that from xc'A to ^th iWt in depth, in castings 1 inck 
thick, and about -^th inck of wrought-iron, mil be destroyed in 
a century in clear salt water* 

Examples of •very rapid Deeay. — There are in my posses- 
sion specimens which prove that with some kinds of iron the 
rate of oxidation in thick castings had been more rapid than 
in the samples employed in Mr, Mallett's experiments. In 
1833 a cannon-ball, 4^ inches diameter, was picked up on the 
eastern shore of Inchkeith island, in the Firth of Forth, at a 
place that was left dry two hours and a half before low water 
of spring tides. It was, therefore, not constantly immerseil, 
but was only alternately wet and dry, a condition which is 
generally believed to retard materially the progress of decay. 
The shore at the place is gravelly, with rocks intervening, so 
that there was no peculiarity of soil that could have hastened 
chemical action. The external appearance of the ball is pre- 
cisely that of any ordinary casting which had for a long time 
been exposed to atmospheric influence, indicating the presence 
of red carbonate in some parts, while in others there appears 
a smooth skin, possessing a certain degree of metallic lustre. 
The raised ring which had been formed by the edges of the 
mould is still quite apparent, and the radiated structure of 
the interior is also distinctly visible. But so thoroughly has 
• Brit. AssotiuLion Ri^port, 1S39 aiii! 1S30. 
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the iron been changed, that the ball weighs only one-fov/rtJi of 
what it would had the metal remained sound. So perfect is 
the transmutation, that there cannot be detected, even in the 
centre, the slightest trace of unaltered metal The whole 
forms an earthy substance, consisting, I believe, principally of 
carbonate of iron. 

The preference which is now so frequently given to iron 
as a material, even in cases where. a nearly indestructible 
substance ought, if possible, to be employed, makes it of some 
consequence to ascertain the probable date of the immersion 
of this cannon-ball, which there is every reason to believe 
from the following facts was not earlier than 1564. 

The first use of cannon in warfare is commonly believed 
to have been at the battle of Cressy in 1346 ; but as it is 
known that balls of stone were first employed, it seems very 
improbable that well-formed balls of cast-iron were made 
until long after that period. The account of the earliest 
military operations at Inchkeith that I have seen is given by 
Sir Robert Sibbald in his History of Fife and Kinross, who 
states that, in the reign of Elizabeth, its capture became a 
matter of keen contest ; so much so, that the English had 
then a fleet of twenty-nine vessels anchored off the island. 
The remains of Queen Mary's fort, which was erected for her 
by the French, and which bears her initials, with the date 
1564, may still be seen on its summit. There is therefore 
good reason for supposing that it was during those contests, at 
soon^M, that the ball found its way into the sea. If this bo so, 
it proves that 2\ inches of cast-iron (the radius of the ball) 
became thoroughly oxidised in the s])ace of not more than 
three centuries, which assigns for the kind of iron of which it 
was cast iqywards of J inch to the ccnfurj/ for halls 4i inch4^ 
ffiametcr, and placed so as to be alternately wet and dry. 
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At the Bull Rock Lightliouse, which was completed in 
1810, Mr. R Stcvengon directed cast-iron tramways, consist- 
ing of rails with open gratings between, and supported on 
standards, to be fixed to the rock. Mauy of these gratings, 
which are not constantly immersed, are now decayed in 
dlHereut places, cavities having been formed on their upper 
surfaces fully half an inch deep, thus giving one incJi to Ike 
eenlurij for castings an inch square. It is remarkable, how- 
ever, that in some of the specimens of this gi'ating which I 
have examined, the decay ia principally confined to those 
parts where there liave been air-holes in tlie metai The rapid 
decay in these holes is probably occasioned by the water being 
retained in them after the tide has receded ; and thus the 
increased action due to constant immersion is produced at 
that part of the casting. Where iron is to be exposed to only 
periodic immersion, it therefore comes to be of especial im- 
portance that the castings should be not only free from air- 
holes, but should be of a perfectly regular and slightly rounded 
form, so as not to present hollows for the wat«r to lodge in. 
One of the bars, however, which was quite free from air-holes, 
and presented no external appearance of decay, had its specific 
gravity reduced to 5.63, and its transverse strength reduced 
from T409 to 4797 lbs. Another apparently sound specimen 
waa reduced in strength from 4068 lbs. to 2352 lbs., having lost 
nearly Imlf its strength in about fjty ytars; and I strongly 
euspect that all the gratings, however sound they may look, 
have suffered a great reduction of their strength. 

Even although the instances of such rapid oxidation 
as have been adduced be of rare occurrence, yet the bare 
possibility of such a speedy decay should disconrage the 
indiscriminate employment of iron in marine works. Where 
there is room for choice, neither east nor mallerable iron should 
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be used as pn7icipal constituents of any structures which 
require to be so deeply submerged as to become difficult of 
inspection or repair. If even thick castings, and those not 
constantly immersed, decay so rapidly, what can be expected 
of the durability of malleable iron bolt« and tie-bars which 
do not exceed an inch or two in diameter? And what 
reliance can be placed on the stability of deeply submerged 
structures retaining large quantities of. rubble, the unity of 
which depends wholly on such perishable bonds ? 

DUESSING AND METHOD OF ASSEMBLING MaSONRY IN 

Sea-works. 

For localities where the exposure is not very great, and 
where cement cannot be procured, masonry consisting of 
separate blocks may be adopted. 

The requirements of marine masonry are, in many respects, 
nearly the opposite of those for land architecture. What is 
wanted in sea-work of the ordinary kind, which neither con- 
sists of framed carpentry, nor has been rendered monolithic 
by the use of cement, is that each stone shall gravitate freely, 
and transmit its pressure unimpaired to those below it. If, 
therefore, a pier could be so constructed, that on the abstrac- 
tion of a stone at the bottom, the whole vertical section of 
masonry resting upon it should at once sink, so as to fill up 
the void, the perfection of marine masonry would then be 
attained, because the lower courses would bear the unreduced 
weight of the upper, and would therefore be the less easily 
abstracted. The difficulty of pulling out any stone in such a 
work would then be proportional to its distance from the top 
of the wall. Whereas in land architecture, vertical bond i« 
systematically preserved, and the stones are sometimes vSo 
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intelled over, or, to speak teclinically, so completely "saved" 
ft&Din the superincumbeut pressure, that it is often easy to 
ixtract some of the lowest stones in the wall, without en- 
laiigering the stability of the upper courses. In land 
Imrchitecture, the whole structure is also greatly strengthened 
I by the occasional insertion of long headers and stretchers, but 
I in the sea, where each stone is assailed per sc, the stability 
I of any horizontal course, if equally exposed throughout, is 
I measured by the stability of the smallest stone in that course. 
I And, therefore, the more uniform the size of the materials in 
I each horizontal section of the work the better, provided that the 
"secret-bond," or proper connection with the backing, is duly 
L'preserved. We must beware then of importing into marine 
I engineering, as is too generally done, the laws and maxims of 
L house-architectm-e, with its careful vertical bond, and its small 
L but finely dressed face-stones. It matters not, indeed, how rough 
i'tbe masonry of the face-worlc of a pier be, provided there arc 
I no protuberances large enough to offer material resistance to 
I -the jet of water in front of the wall; and we have already 
I pointed out the valuable effects of keeping the beds rough. 
I All the blocks should, however, bed and joint fairly on each 
I other, and no face pinnings, or smidl closers, should on any 
I Recount be allowed in the outer face-work. It is also of 
vital consequence, that the backing should not be slurred over, 
by being loosely assembled ; but should, on the contrary, be 
carefully set, and regularly bonded with the face-work as the 
building proceeds. The oiffeirfe of the parapet, though of 
smaller dimensions, should be similar in quality to the sea- 
wall, while its inside, from not being exposed to the wash of 
L the sea, may be built of good heavy rubble. The whole 
L parapet may with advantage be set in mortar. 

Boadieay Pitching. — From the risk of damf^ already 
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referred to, it comes to be a difficult question to decide 
wlietlier the roadway pitching should be built with very open 
joints, or be made altogether impervious to water. Mr. T. S. 
Hunter, in his report on the Wansbeck Biver, mentions the 
following instance of damage to the pitching at Granton. 
"A portion of the pitching, which had just been grouted 
previous to the storm, was completely doubled up like a sheet 
of paper, but after the grouting was removed, and the same 
stones set Ary, they were never again disturbed." The safe 
course in most cases, where the sea-wall is built of dry 
masonrj', is probably not to attempt the formation of an 
altogether impervious covering ; but where the roadway is 
made imper\'ious, the compressed air may be discharged, 
through the mooring-pauls. 

The quay^wall requires no particular notice. Minard 
recommends its thickness to be i^ths of the height. The 
upper portions are sometimes set in mortar, but the rest is 
set dry. The rubble heart iinj should be free of earthy or clayey 
matter, or rock of a quality likely to crumble on exposure. 
Very large boulders ouglit not to be admitted, unless after 
being broken up, and when any of the stones are long 
and flat, they should be laid lengthways of the pier, and in 
no case, unless when the structure is of great width, should 
the stones be tipped in without being afterwards carefully 
assembled with the hand.* The nibble for breakwaters is 
generally of a much larger size than for ordinary commercial 
piers. The ratio of voids in a cubic yard of rubble after being 
deposited depends of course on the kind of materials, and 

* Tn oxposc<l situations or in narrow jiiers, tlu' lnarting, whirli may l>o 
n*;^;ir«l<.'il as tlio Inu'k-hnn' r»r tin* work, slionltl not only Ik* carefully assonibled, 
but the stonos should be set hanl on each other, so as to give a continnous 
iM'aring througliout the whole wiiltli of the work. 
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has been found to vary generally from alront 4 to about 8 or 
even 9 cubic feet in each yard, equal to from ^th to ^ of 
increased cubic spacci in the hreakwatctr. 

Settling of Ruhble. — The materials of breakwaters are liable 
[ to sink, to be crushed, and to be driven together by the waves. 
I At Cherbourg, aettlementa of about 4 inches were observed to 
|) take place after a tempest. At Algiers, where the bottom is 
L'soft, the rubble sank 6.5 feet into the sand, and at Boyard 
j 5232 cubic yards were required below the level of the bottom. 
I According to the late Admiral Washington, the settlement 
I at Cherbourg* averaged 18 inches in 22 feet, or one-fourteenth 
r of the height 

! Worh. — The method of assembling stones on edge, 
instead of on their beds, which was used in some old Scottish 
harbours and sea-walls, as at St Andrews, Prestonpana, etc., 
deserves to bo more generally known and adopted, from its 
greatly superior strength, ilr. Breraner of Wick propounded 
the opinion that — " If the walls are constructed on a (horizon- 
tal) angle of 25° to the sea, and the materials built on edge 
with 3 inches of slope to the foot perpendicular, they cannot 
retain any air, and the sea nuining along a small portion of 
the building at one time, actually assists in forcing together 
the edge building." Although it amounts virtually to a con- 
demnation of nearly all modern sea-work, yet I do not hesi- 
tate to assert that it is a great engineering error to assemble 
stones in exposed works in any other way than on their edges, 
and Icxtcnd this remark even to materials of ordinary thickness, 
although the advantage is most conspicuous where the materials 
are thin. Care must be taken, however, not to adopt this plan 
L-where tliere is any risk of heavy seas coming in a wrong direc- 
1. so as to strike the masonry on the overhanging side. 
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JShombaidal Form of Stones. — ^The strength of the masoniy 
of sea-walls might be materially increased if the stones were 
dressed to a rhomboidal form. This could be done without 
much trouble or expense, if the quarriers were furnished with 
bevelled templates, instead of square^ for quarrying the blocks. 

Size of Materials. — In absence of any rule for the weight 
of materials, the following approximation is submitted rather 
for trial than as a guide. When W = average weight of 
blocks in tons, and d = length of fetch in miles, W = . 3 VA 

Treenailing. — A most efficient method of temporarily in- 
creasing the stability of marine masoniy, which may be adopted 
in places where tlie materials are of small size and of a soft 
texture, is to connect all the stones together by a system of 
dowelling or treenailing. Each block is thus secured to its 
neighbour by iron bolts or wooden pins let into the lying beda^ 
or into both beds and joints. At the Eddystone and the Bell 
Eock lighthouses, the stones were not only secured by oaken 
treenails, but were also cut so as to dovetail into each other, 
and thus to render the mass practically monolithic. They were 
also further secured by vertical wedges. But these methods 
are attended by an expenditure which is warrantable only in 
peculiar works like those, where the loss of a single block is 
certain to occasion great inconvenience and delay, Mr. Leslie 
used timber treenails largely at Arbroath and Kirkcaldy, 
where the stones for the works were freestone. The holes 
were bored by means of machines made for the purpose, at 
far less expense than if the ordinary tedious process of hand 
"jumping" had been adopted. 

Jjdon. — Betou is now very commonly used in this country, 
as well as on tlie Continent. Tliis most valuable material 
may be said to have, to a large extent, revolutionised harbour- 
building : for it admits of being employed in many different 
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iys, and c&n, if due caro be token, be used with perfect 

infidence. Sir John Hawkahaw's specificatioE I have used 

lusively ; it is as follows : — 

The Portland cement is to be of the very best manufacture, 

from the Thames, or other Portland cement of equal quality. 

It is to be ground extremely fine, and is to weigh not less 

than 115 lbs. per bushel, and each cargo will be tested in the 

IbllowiDg manner ; — The cement is to be made into small 

ika of a convenient size, and after forty hours the blocks 

to stand a tensile strain of not less than 112 lbs. per square 

inch, and after sixty hours they are to stand a tensile strain of 

not less than 150 lbs. per square inch. Moreover, the blocks are 

to be immersed in water, and after seven days they are to stand 

tensile strain of not less than 200 lbs. per square inch. Slabs 

cakes are also to be made, and placed in water, and after 

miersion for twenty-four hours they are not to show any 

IS of cracking, or any softness on the surface. No cement 

to be used until it has been in the sheds for at least one 

lonth, unless the engineers shall otherwise permit, and they 

ill, if they think fit, order this time to be lengthened." 

" CoTicrcic. — The concrete will be composed of one measure 

of Portland cement, four measures of sand, and five measures 

of shingle, The concret« is to be made in the following 

manner: — The materials, having been meaauroil, are to lie 

;11 mixed with a due proportion of water, and the whole 

worked together and put into the work immediately it 

mixed." 

Blocks of Cfmait Hubble vsed at Wick. — My friend Mr. 

Brebner, who took charge of the arrangements for 

spositing blocks of cement rubble at Wick, has kindly 

■wn up the following particulars ; — Tlie large blocks coii- 

icted for the protection of the end of the breakwater having 
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to be floated iiito tlieir places by means of machinery placed 
upon lighters, were made in positions within the liigh-water 
mark, such as would permit of the lighters floating alongside 
of them at any tide. Tlie range of spring tides being only 
about 10 feet, sites were selected on the beach about 2 feet 
above the level of low-water spring tides. The first operation 
was to prepare level beds for the timber platforms on which 
the blocks were built. The platforms measured 22 feet long 
and 16 feet broad each, and consisted of 4 cross-sleepers 
12* X 6^ bolted down to 12 stones, about 15 cwt. each, pre- 
viously sunk into the beach and levelled. The sleepers were 
covered with 3-inch planking, jointed with Eoman cement, 
driven close together, and then spiked down. Twelve plat- 
forms were constructed, at a cost of about £20 each. The 
sides of the boxes were formed of 3-inch planks, secured at 
the corners by palm bolts and nuts, so as to admit of their 
easy removal after a block had been completed. The joints 
of the planks were slightly bevelled to the outside, leaving 
a wedge-shaped space, which was filled with Eoman cement 
to exclude the water. The blocks were all 5 feet 6 inches 
high, and this height was made up in G widths of planking. 
Three widths of planking were put down, and filled, generally 
in one tide, the other three in the tide following, and the 
block completely finished and smoothed off* in the third tide. 
The blocks, which weighed from 80 to 100 tons, consisted 
of one part of Portland cement to seven of small stones, sand, 
and gravel ; they were not what is commonly termed built 
blocks, the whole of the stones being asseml)led by labourers 
only. The stone used was of a high specific gi^avity, and in 
pieces of from 10 to 80 lbs. weight. 

In commencing the blocks a covering of stones was firet 
laid over the bottom, care being taken that spaces nowliere 
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less than one inch was left Ijetwixt tliem. The cement, saud, 
and small gravel were made into a thinish mortar, and conveyed 
into the box in wheelbarrowa The spaces betwixt the stones 
^rere completely filled, and a covering of 2 or 3 inches laid 
over them to form a bed for those to follow. A sufficient force 
of men was always employed to build a block half up in one 
lade, and before the water covered it a sheet of canvas was 
laid over it, and loaded with stones, to prevent the waves 
from acting on the cement until it had time to harden. Next 
tide the covering was removed and the block completed. 

Near the four corners of the blocks, boxes were inserted 
'to form holes for the lilting bare. Those boxes rose one foot 
up into the blocks, and from that level tapered battens were 
carried up above the top, and withdrawn wlien the cement 
^ad set. Bars of iron 3 in. x 1 in. were built into the 
fcoles to prevent the lifting bars from cutting into the cement 
wort. In two days after the blocks were finished the wood 
itripped off tliem, and in eight days they were fit to be, and 
Homeliraes were, lifted from the platforms and built into the 
pier. A much smaller proportion of cement is generally used 
in making concrete blocks, but the unusually heavy seas in 
this situation required the blocks to be very strong. 

Lifting of the Bloc/cs.^Tlie machinery used for Ufting and 
setting the blocks is ahowh in the diagrams Figs. 27 and 28, 
and consisted of two lighters, each capable of carrying 50 tons ; 
on these were erected two strongly-trussed timber frames, tied 
and braced together, so as to preserve the lighters in a position 
parallel to each other. Two logs of greenheart timber rested 
on the trusses, and carried the bracked and pulleys for guid- 

the chains to the winches, and also the two upper pulleys 

the lifting tackle. The blocks of concrete being of a con- 

iderable size, it was considered advisable to lift them by four 
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points, to avoid the risk of bieakiiig in the lifting, and also to 
distribute the load as much as possible over the floatjng 
stractura It was evident that a strain considerably more 




Fig. 27. 



than -what was due to the dead weight would be thrown upon 
the machinery by the motion of the waves, which sometimes 
broke over the seawai'd lighter, and fell on the top of the 
blocks betwixt them, adding greatly to the weight. 

In order to secure an equal strain on each of the four 
lifting bars, which could not have been accomplished if four 
separate tackles had been employed, the chains were so 
arranged that what is usually Ihe standing part of the one 
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tackle was made the liauliDg part of its neighbour, two pieces 
of chain thus forming the four sets of tackle. The ai-ningciaent 
will be readily underatood by referring to the dii^rauia. This 
arrangement worked admirably, the friction iu the pulleys 
being more than sufficient to provide against any want of 
balance arising from the inaccurate placing of the lifting bars : 
it permitted tlie blocks being lowered into their places by 
means of breaks, which saved a great deal of time, and veiy 
much facilitated the setting. It also obviated all danger of 




the tackles breaking from the work intended for two being 
at any time suddenly thrown upon one. The tackles were 
worked by four powerful winches arranged as shown on the 
diagrams, and worked by four men. When a block was to 
be lifted, the lighters were warped into the position shown in 
Fig 27. the lifting bars inserted, and the winchca set to work. 
In four or five minutes the block was clear of the ground, 
and was then warped out, and either deposited in deep 
water to make room for othere being built, or taken out and 
set in the work. To enable the blocks to be lowered down 
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in a level position, the foUowing expedient occuired to me, 
and was adopted with satisfactoiy results : — ^Tbe winches 
were numbered, and each had its number painted up in a 
position to be seen by the men working it, and also by the 
person directing the operations. After the tackles were 
mounted, and the chains wound upon the barrels of the 
crab winches, so that the whole was in the position shown 
by Fig. 28, white marks were drawn across the framing of 
the winches and large spur wheels on the end of the winding 
barrels. By this means the person in charge, who stood on 
a platform on the top of the framing, was enabled to observe, 
during the process of lowering, the approach of the 
marks on the wheels to those on the framing, and thereby 
to adjust the level of the blocks at each revolution, and 
so ensure their reaching the bottom in that position. The 
lighters were steadied over the work by ropes attached 
to four mooring buoys laid down in the required posi- 
tions. ArVhen nearly over their places, the blocks were 
lowered to withiu a few feet of their beds, and when 
finally adjusted, were lowered quickly to their places on a 
signal from a diver. The time taken to set a block depended 
greatly on the state of the sea. When quite smooth the 
()l)eration was completed very quickly, at other times it 
would occupy about an hour. 

The whole process, both of constructing the blocks under the 
tide Itivel, and floating tliem into their places, was perfectly 
successful, and w\is carried out without the slightest accident 
or breakage : the first block was lifted with perfect ease, and 
no change of any kind was required on the machinery as at 
lirst constructed. 

V(n'(h hiiircn BIocIch of Beiiui. — *' Sometimes," savs !Minard, 
" the workmen succeed in placing the blocks close together ; 
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but generally there are spaces between them of irom Atha 
of a. foot to l.G foot, and sometimes 2.G feet At Algiers, 
with blocks of 353 cubic feet (11.15 feet long x 6.56 broad) 
thrown down on each otJwr, the voids are one-third." * 

Passing Concrete throitgh JVater.—Sii John Hawkshaw^- 
has passed concrete through 50 feet of water with perfect 
success. As far as his experience went, the concrete set 
quite as well under these circumstances as when it was de- 
posited in the open air. He has done tliis both in salt and 
fresh water. In passing concrete through water, he used a 
box containing about two cubic yards. When it reached the 
bottom, a bolt was withdrawn, and the concrete dropped out. 
At the harbour of Greenock, Messrs. Bell and Miller put in 
the low-water foundation of the Albert Quay in concrete of 
Ardeu lime. Mr. Pascal, the engineer of the Marseilles 
works, formed in concrete the foundationa of a beacon below 
low water at a submerged rock five miles from the shore. 
Mr. W, Parkes put in the foundations of the iron lighthouse 
in the Eed Sea by means of a caisson, into which fluid con- 
crete in bags was deposited. He thus describes the mode of 
construction : — " During this time, some progress was made at 
the lighthouse works. The caisson of iron plates to enclose 
the concrete base had been set up, and about 200 tons of 
gravel had been deposited upon the reef, where it was ex- 
posed to a wash sufEcient to remove some of its clayey par- 
ticles, without canying it out of reach. As soon as a suffi- 
cient quantity of gravel was accumulated, the process of 
depositing the concrete was commenced. As circumstances 
did not admit of the usual plan of depositing the concrete in 
the water in large masses from boxes, the following plan was 
substituted ; — Sheets of tarred canvas were preiMiriid of such 

■ Miiinid, |i, 5S. + Mill. Civ. Eug., vol. xxW. p. J70. 
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lifted, it is made in segments of three and four pieces alter- 
nately, as shown in Plate XVIL : the heaviest of these 
segments is 11 J tons, and the lightest 9 tons 8 cwts. Mr. 
Milroy, the contractor for Plantation Quay Extension, makes 
three complete sections per day of ten hours. Of course 
this could be increased to any extent by the increasing 
of the plant. Mr. iMilroy has one Blake's stone-breaker, and 
one Messent's concrete-mixer, constantly at work to produce 
the above. About three weeks must elapse before the sec- 
tions can be lifted after being made. The shoes are placed 
in the trench as near as possible at the level shown on 
the drawing, and the whole height of cylinders is placed 
thereon before sinking is commenced. The cylinders are 
sunk by excavating the material, chiefly sand and gravel, 
from each well simultaneously, by means of Milroy^s patent 
digger. The average working rate at which each group of 
three cylinders has been sunk is 2 feet 9 inches per day, 
including stoppages and delays of every kind. The greatest 
deptli sunk in one day has been 13 feet 6 inches : 8 to 9 
feet is a common amount during the first stage of sinking. 
As the sinking progresses, each group requires to have weights 
placed on it to force it down, and frequently, by the time the 
bottom of the shoe reaches 50 feet below cope-level, a w^eight 
of nearly GOO tons of cast-iron rings has been stacked on 
its head. This quantity gives fully 5 cwts. per square foot of 
total outside surface of each group. To close u^) the junc- 
tion of each two groups of cylinders, so as to prevent Wnd 
running through from behind, a red pine pole is drivei\, as 
shown on the plan, Plate XVII. 

'* Cevunt — All the cement used in the work is of the Le.^t 
quality of l*ortland cement, weighing not less than 115 Ibi 
])cr inq)erial strakcd bushel, so finely ground as to be able t(J 
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pass through a sieve of 2500 meahes per square inch, leaving 
a residue not exceeding 20 per cent, and when mixed up neat 
in a mould, shall, after seven days' imuiersion in water, resist 
vrithout breaking a tensile strain of 350 Iha per square inch. 
" Conereie. — The cylinders are of concrete, composed of one 
part by measure of cement, to five of sand and gravel, or 
broken whinstone, and the concrete used in the rubble build- 
ing is of the same strength." 

Mr. Messent has obligingly communicated tlio following 
notes as to the proportions of concrete ; — 

" For concrete blocks or ordinary walls, Gj- parts clean gravel or 
shingle, 2^ parts sand, and 1 part Portland cement. 

" The Portland cement should weigh not less than 112 lbs. per 
striked bushel, lightly filled or sifted into the measure, auj, if made 
into test-bricks, immersed iu water as soon as they will hold 
togctlier, should, after seven days' immersion, require at least 
2; uwt. to break each square inch of the breaking section of the 
brick. 

" The usual area of the breaking section of test-brick is 

" For the above proportions 2J bushels of cement will be re- 
quired for a cube yard of concrete ; and for the hand concrete- 
mixer, made to mix ^-yard charges, the cement should be measured 
into bags containing 1^ bushel — one bag being required for each 
charge ; the hopper being the proper measure for the gravel and 
sand. Broken slag and broken bricks or granite spauls may be 
used instead of gravel or shingle. 

" For large masses of concrete in foundations ov quay walls the 
concrete may be made with two bushels of cement per cube yard, or 
one bushel to each cbaige of hand-mixer ; whilst in eases where 
extra strength is required, over openings, or to resist abrasion, the 
proportion of cement may be increased to three bushels [ler cube 
yard. In each case the concrete may be cheapened without dete- 
rioration by placing largish stones in the fresh mixed concrete, care 
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being taken that the stones are all surrounded by and separated 
from each other by concrete. 

" With the hand-mixer a gang of six men, with a boy for attend- 
ing to the water-cistern, can make from 30 to 40 cubic yards of con- 
crete blocks, and a larger quantity of concrete in bulk in a trench." 

Mr. R B. Stoney has been good enough to communicate 
the following description of his block system^ as successfully 
carried out at Dublin : — 

^' The blocks are at present used in the lower part of a quay' wall, 
the total height of which is 42' 10", say 43 feet. Each block is 
laid 24 feet below L. W. of equinoctial springs, on a foundation 
levelled by means of a large diving bell, the chamber of which is 
20 feet square, with a tube of wrought iron 3 feet in diameter, 
rising above high water. An air-cock at the top of this tube 
admits the workmen in and out, and several men can excavate in- 
side at a time. The water surface inside the bell is quite calm in 
all weathers, and when the bell is resting on level ground the water 
is only about half-an-inch deep, so that it gives a plane surface of 
400 square feet, which enables the bottom to be levelled with the 
greatest accuracy and facility. The bell weighs 80 J tons. Each 
block is 27 feet high, 21' 4'' wide at base, and 12 feet long in 
direction of wall, built on terra firma of rubble, set in cement, mortar, 
and concrete. Each block contains nearly 5000 cubic feet, and 
weighs 350 tons; and when laid in place 1 2 lineal feet of the wall is 
finished at once up to ordinary low water level. No cofferdam, 
staging, or pumping is required. The superstructure is built in 
the ordinary method by tide-work and is faced with granite ashlars 
for the ships to lie against. The blocks are built on land, and after 
10 weeks drying are lifted by a floating shears, the barge or pon- 
toon of which is 130 feet long and 48 feet wide, and of this 130 
feet 30 form a tank at the aft end; and, when filled with water, 
this balances the weight of the block hangin;^ from the shears at 
the other end. A block can be raised with the flood tide, and is 
generally set the following low water. The rising of the tide is 
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and this, combined with a 
be lifted high up in the r 
I other, and the range 



3 the lift could ho made in water with a constant 
can easily understand that a rapidly falling tide 
L'sirahio when lifting a block, as the floating aheare 
under the weight of block and water, eay 700 tons, 
ailing tide, would require the block to 
TliQ blocks are laid touching each 
nilerfuUy accurate. A recess (vertical) 
I IB left in the side of each block, and into this vertical groove a 
I lot of concrete is ehot when the bhx^ks are in place ; this forms a 
I key, and effectually stops up the little space (about half-an-inch) 
f between block and block. Several hundred feet of wall have now 
I been built, and the work is progressing very satisfactorily." 

Iron CoTurrete. — Mr. Leslie has introduced at the Stranraer 
I pier, which is constructed of timber, a concrefc consisting of 
I gravel and iron borings, which seema to have answered its 
I purpose very well. Mr. John Howkins junior, who was the 
[■resident engineer, says (in a letter to Mr. Leslie, who has 
I Hndly communicated it to me) — 



"The quantity of iron borlnga mixed with the hearting was 160 

8 ; and, taking the weight of gravel at 20 cubic feet to the ton, 
I the proportion of borings to gravel, in weight, is 1 ton of the former 
I to 17 of the latt«r, and the proportion in bulk 1 to 34, — assuming 
I 10 cubic foet of iron borings to weigh 1 ton (which, however, I 

e not the means of ascertaining at present). The borings below 
[. low water were all thrown in by a person employed for that pur- 
I pose, whose duty it svos to scatter with a shovel a quantity as nearly 
I proportionate as possible to the quantity of gravel which had been 
r deposited at the side of the piling fi-om the waggons. For the pur- 

e of establishing that proportion, he had a bus which was made 
C capable of holding a quantity proportionate to the contents of a 
J-waggon. Above low water the gravel was thrown to the sides in 
I ttiin layers, and the borings added alternately. In digging down 
I at the end of the pier, where tlie gravel and borings had been acted 
■ upon by the sea for two and a half mouths only, I found the layers 
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of borings caked in a hard mass, and particles of gravel and sand 
adhering to the sides of the layers ; showing that the concretionary 
influence of the lx)ring3 is extending, and will, in all probability, in 
course of time completely bind the intervening layers of gravel 
I had also an opening made at the back of the slip coping, which 
has been filled in five or six months ; and there the gravel, which 
is much coarser than at any other part (the sand and finer particles 
having been washed down and away by the sea), was very strongly 
coloured, and showed much the same appearance as at the end of 
the pier, only in a more decided degree. With regard to the coat- 
ing of the timber, there is a decidedly rusty appearance on the 
outside of the piling, immediately above low-water mark, quite 
observable at a considerable distance ; and, on a closer examination, 
the joints of the sheet piles arc, in a number of places, seen to be 
giving forth that slimy discharge similar to what is so commonly 
observed in the neighbourhood of ironstone." 

AsphaUic Masonyy and Concrete, — I have tried, at the 
island of Inchkeith, some experimental masonry, which is 
cemented together with British asphalte. At the same time, 
the experiment was successfully tried of letting down under 
the surface of low water stones and hot asphalte, placed in 
canvas bags, which were pressed down upon the irregular 
rocky bottom, so as to equalise it, and render its surface ready 
for founding on. This substitute for mortar or cement in 
rubble and ashlar work seems capable of resisting the chemical 
action of salt water, for at Inchkeith it has stood for several 
years. IMr. ^lanley mentions tliat asplialte was proposed for 
harbour works in France, but tliat th(} risk of its decay pre- 
vented its adoption. He docs not mention, liowever, whether 
any experiments were made in order to test its qualities. 

Carhonilc Ctincnt. — While tlie proof-slieets of this hook 
are passing througli my liands, my attention lias been callnl 
by !Mr. ir. (-. T^itcrson, of Glasgow, to a new maferial for 
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building and concrete, ■which plainly presents features of 
marked interest, the invention of Dr. George Kaud Smith, of 
New York, a prominent American metallurgist It is the 
result of a combination mainly of hydi-ocarbon of varying 
densities with clay, chalk, or gypsum, whereby concrete and 
all kinds of material for building purposes can be produced. 
The constituents are stated to be cheaper than those at pre- 
sent in use, as well as of a more durable character, being un- 
affected by frost or exposure, while they resist the action 
of the most powerful muriatic, sulphuric, and hydrochloric 
acids. It is further stated that the concrete can be made of 
any required density. 

The following extracts from Dr. Smith's statement regard- 
ing this new material will be of interest to the engineer. One 
of the great recommendations of this cement is the fact of its 
"being fit for use immediately after being manufactured. There 
is also claimed the further advantage that the blocks are 
capable of being fixed to each other under water by an inde- 
structible cement of great binding power, which is also pre- 
pared in the pi-ocess of manufacturing the carbonite. The 
first process by absorption is thus described : — 

" The flrat step in the process is the proper preparation of the 
Titally importimt carbon bath, which consists of a suitable tank or 
tanks to receive the chalk, etc., coataining in a liquid Btate, 
insoluble, non-volatile or free carbon, suspended aiid combined 
■with volatile hydrocarlwna in the definite proportions desired. 
Other chemical substances are atao added in moderate quantity, as 
experience dictates, to modii'y the action in view — such, for 
instance, as alumina, iron, etc. — although the relative action of the 
two forms of carbon is an ever-constant and etisenlial feature, 
e Tolntile carbon becomes the vehicle for inducting the free 
carbon into the chalk, etc., conveying iu their turn the other 
elements associated or combiueil with them. The volatile carbon. 
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on removal, evaporates or is driven ofl^ leaving the free carbon 
permanently fixed. The proportions of the carbon are determined 
by the hydrometer, easily insuring accuracy of result The bath is 
kept hot by steam, or a grate. For some purposes it may be cold. 
It should always be quite liquid. Whatever chemical agents are 
employed to modify the action of the carbon bath, neither in quality 
or quantity do they unfavourably affect the question of profit. 

" Into this bath, by a simple apparatus of an open iron bucket or 
crib, controlled by pulleys, a large amount of the day, chalk, or 
plaster, first moulded or cut into the desired form, or in masses or 
blocks to bo afterwards turned or cut into shape, is at once im- 
mersed, whereby it becomes rapidly charged with the carbonaceous 
mixture. By moans of successive cribs, which are re-loaded and 
discliargod in regular turn, the impregnation is rapidly effected. 
For sonic products the volatile hydrocarbon, etc., is driven off by 
the cooling of the same on removal from the bath ; for others it 
is accomplished in a different manner, as next described." 

The second process is by compression, of which Dr. 

Smith says — 

" In the nianufacturo of bricks, largo blocks, waterproof for 
bortonu^nis, docks, otc, whoro the shapes are plain and uniform, it 
is more ocononiioal to eflcct the moulding of the brick, drain pipes, 
etc., and the carbonisation, at one and the same time. Machines 
for this purpose aro fully perfected, that will turn out from 5000 
to 8000 bricks per day, and drain pipes in proportion. 

*' Tlie carbonisation is oUectcd by combining the raw or common 
clay with the carbonaceous solution in the ordinary hot mixer ; 
tlieroby rai>id action ensues, the confined vapours playing a part, 
tlio clay becoming more or less anhydrous, or giving up its com- 
bined water ; its j)lace being supplied by the elements from the 
solution. Tho. excess of vapour may be saved and utilised as before 
niiMitioned. Thes(». carbonised products of clay or chalk, on cooling, 
would heoonie hanl ; are ininietliately compressed into shape, be- 
conjin^' niiieh harder ])y thrir condensation. They have afterwards 
siiin)ly to cool, uluMi they are ready for u.-e." 
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Dj. Smith's other process by compression is the fol- 
lowing : — 

" In this method, instead of combining the earthy constituents 
and the carbonaceous solution, while hot, they are simply mixed 
together cold, or nearly so, or treated by immersion, and then 
compressed into the forms required. They are afterwards allowed 
to remain for a short time in the drying chamber, the same as 
described above, whereby the same change occurs ; the volatile 
carbon being saved for further use, while the solid elements are 
permanently fixed. Chalk in pieces for cutting, or in slabs for 
marble, may be thus treated without compression. 

"The advantage of this method consists in tlie ability to modify 
the quality of the products, where it is desirable to retain a larger 
proportion of all elements contained in the solution, as in making 
some kinds of brick and blocks, artificial marble from chalk, etc. 

"In addition to bricks, waterproof blocks of the very best 
description may be prepared, of large size, from five to ten tons, 
without the use of power-presses, suitable for construction of docks, 
piers, embankments, reservoirs, tunnels, waterworks, cellars, and all 
subterranean works. 

"The remarkable ability of a product that has never been 
burned, to resist high pressure, is shown by the experiments of 
Mr. Kirkaldy, one of the highest authorities, whose Eoport is 
appended, where samples indicated between 7000 and 8000 pounds 
to the square inch as the crushing test, or over 61 tons on a four- 
inch cube, or over 500 tons to the square foot. 

" The following Table (Molesworth's Formulsc) gives compara- 
tive figures : — 



Matorials. 


Pressure pt^r 8<[uaro inch. 


Portland Cement 


1000 lbs. 


Common Brick . 


1500 „ 


Portland Stone . 


3700 „ 


Sandstone 


5000 „ 


Granite . . . . 


8000 „ 


Claij CarhoniU . 


8000 „ 
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'' Ecpoatod tests of my own have since ranged as high as 
10,000 pounds to the square inch, according to the proportions 
and method employed. 8000 pounds may, therefore, be safely 
regarded as a fair average." 

'^ Eeport of Tests made by Mr. David Eirkaldy on Carbonised 
Clay. 

" 'Eesultsof Experiments to ascertain the resistance to a gradually 
increasing Thrusting Stress, of five cubes, received from Dr. Smith : — 



Test 
No. 


DcHcriiitiou. 


Dimensioiis. 
Inches. 


Base 
Area. 

Square 
Inches. 


Stress in pounds when 


Cracked 
SlighUy. 


Crushed. 
Steelyard 
dropped. 


H 

1502 
1504 
1503 
1501 
1500 

• • • 


Material .... 

Do 

Do 

Da ... . 
Do 

Mean 

11)8. |wr square inch 
Tons IK-T square foot 


3,97 4.08x4.08 
3.58 4.09x3.98 
3.85 4.00x4.02 
4.12 4.04x4.10 
3.88 4.08x4.00 


16.64 
16.27 
16.08 
16.56 
16.32 


112,370 

105,840 

89,280 

99,840 

89,520 


123,870 
115,860 
109,640 
104,980 
93,560 


16.38 


99,870 


109,582 


• • ■ 


6.067 
390.2 


6690 
430.2 



" * All bedded between pieces of pine three-eighths inch thick.' " 

Miasicnmcnt of proportions of tlic materials far Concrete. — 
^Ir. J. F. Bateman has long employed the following mode of 
determining the relative proportions of the various kinds of 
material. The method was to take " any vessel, no matter 
of what dimensions, so that they were correctly known, and 
to fill it with as much gravel as it could be made to hold by 
shaking or beating it down — if gravel and sand were to be 
mixed, then by putting in afterwards as much sand as the 
vessel would hold in addition, and shakin<( that down amouf'-st 
tlie gravel, the quantity of gravel and of sand being respec- 
tively measured as they were put into the vessel. AVheii as 
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much sand as possible liad been shaken down, as much water 
was to be pouretl in as the vessel would hold ; the quantity 
of water would then represent the lime required, the theory 
being that each particle of sand or gravel should be imbedded 
in or surrounded by a matrix of ceiuent ; and if tlie amalga^ 
mation of the materials were perfect, then the water which 
undoubtedly surrounded every particle would correctly re- 
present the lime or ceraeut to be used ; but as such perfect 
amalgamation could not be expected, a somewhat larger 
quantity of cement than water was employed. By this rule 
a thoroughly cemented mass of concrete was obtained."* 

Mr. Bremner's Pontoons. — The bold project of the late Mr. 
Bremner, of Wick, for putting in the foundations of low-water 
^ piers, merits notice. Mr. Bremner proposed to construct, in 
some adjoining place of shelter, enormous poiiloons of timber, 
in which the under parts of tlie work, were to be built, and 
afterwards floated, in favourable weather, to the desired spot, 
and carefully grounded. Such a plan might perhaps be fouud 
economical and suitable in some situations ; but the great 
difficulty would be to fit the bottom of the pontoon to the 
irregularities of the ground on which it was to rest. 

Mr. Raiders Mdhod of Depoailing thf Pierrcs Perdues. — The 
late Mr. Eendel introduced the improved and very valuable 
method of depositing the pierrcs perdues or rubble, which is 
BOW generally used in the construction of laige breakwaters ; 
this method he first employed at Millbay Pier, near Plymouth, 
in 1838, in a depth of 38 feet ; and afterwards, on a still 
larger scale, in the construction of the breakwaters at Holy- 
]iead and Portland. The improvement consists in depositing 
the rough materials from stagings of timber, elevated a eon- 
nderable height above high water. The stones are brought 
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on the staging in waggons, through the bottoms of which they 
are discharged into the sea. The principle on which these 
stagings are designed is that of offering the smallest possible 
resistance to the sea, the under structure consisting of nothing 
more than single upright piles for supporting each roadway. 

The late Mr. Bendel kindly communicated to me the 
following description of his staging, in a letter which is still 
worthy of preservation as coming from the original proposer : — 

" I use no timber braces of any kind, as these offer more resist- 
ance to the sea than strength to the staging. At Portland, however, 
where any accident would be a serious evil, owing to our employing 
convicts in the quarries, we stay the piles with iron guys, fixed to 
Mitchell's screw moorings, and also truss the outer piles in each 
row with iron rods. We also fix the piles in the ground with a 
screw. At Holyhead, however, we only attach to each pile boxes 
filled with small stones, for the purpose of getting them into a ver- 
tical position, and use no stays or guys of any kind. The super- 
structure consists simply of balks of timber, with rails laid on them 
to carry the waggons. The piles are placed in rows 30 feet apart, 
and the ease and certainty with which the staging is constructed is 
such that a length of 30 feet, including the screwing in of the piles, 
the laying down of the roadways, and all minor works necessary to 
make them fit to carry the waggons, never occupies more than one 
working day and a half, and often less. The length of the piles 
that we are now using varies from 8-1 to 90 feet, the depth of water 
at both Holyhead and Portland being about 1 1 fathoms. 

" Of the strength of the stage you may judge from its carrying 
on each roadway as much as three waggons, weighing in the gross 
twelve tons each. 

"The advantages of the staging are obvious. It contributes 
greatly to the consolidation of the stone ; it makes a greater longtli 
of breakwater to be under constniction at the same time ; and it 
enables the deposits to be carried on without interrui)tion, almost 
in the heaviest weather. As an instance of this, I may remark that 
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my Tosident at Portland informs me that the waggons and locomo- 
tives were engaged yesterday at a time when such a sea was running 
that large bodies of spray were thrown 55 feet above the water-level. 
As a proof of the facilities which the stage affords for rapidity of 
construction, I should state that wo have deposited this year at 
Holyhead, where free labour is employed, nearly one million tons of 
stones. The loss from accidents to the stage is comparatively small 
on its first cost, and when spread over the cost of the whole works 
it is a mere trlfie.*' 



Cfreenheart Timber Staging, — At Pulteneytown harbour 
works, as already stated, it was found that the piles of the 
staging for depositing the rubble required to be of green- 
heart timber ; but even these were broken in large numbers. 
The piles were invariably broken by the waves at about the 
level of high water. It will be seen from the accompanying 
table, which is taken from a paper by Mr. Justen in the 
Builder * that greenheart, irrespective of its valuable property 
of resisting to a great extent the worm, possesses such superior 
strength and specific gravity as to render it by far the best 
material that can be employed for such a purpose. 

Table showing Specific Gravity of Different Timbers. 



Ironwood 


1.210 


Qreenheart 


1.200 


Sabaciie Woo<l 


1.100 


Brazil Woo«l 


I.IOO 


Oak 


.885 


Beech 


.852 


Ash 


.854 


Elm 


.800 


Fir . 


.G57 


Cedar . 


.501 



* Tables by .Foscph Justctn, on the propcrtit*s of tiTiil)«r, republished in 
Engineering Facts and Figures, by A. B. Brown. Lond. and £din. 1864, 
pp. 359, 364. 
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Tabue of Strength and W«^ of DiSennt TlmlMn. 

- . ■ W*#tp« 

•"""^ (MtaVootklh 

T«now Fine 

Baltic Pine 

B«dFiiia 

Aah 

Fitch Fiiw 
American Elm 
American Oak 
AbicanTeak 
Uon 
Sabacne . 
AftieanOak 
Qieenlieait 

ITngliati Osk 

jTiiiian Teak 
Iranwood 

fl^gtinli Idicll 



W8.5 


S6.687 


444. 


».oai 


467. 


aa.437 


617.76. 


41.81S 


6S8.S6 


S7.S1S 


6W.00 


46.760 


631.60 


46.»t 


658.60 


44.876 


673.60 


«0.S« 


Bfll.OO 


71.»0 


S54.M 


69.M7 


86fi.50 




1079.60 


69.750 




&3.31S 




3S.ISS 




7a.BM 




3S.&68 



1 

lings, 1 
pro- } 



Iroa ZatHet-Work—l haye firand reticukted fnunings, 
consistiiig of gftlraiUBed malleable iron bars, useful for 
tectisg tlie masoniy of pieis above low water, where they 
can be paid over with hot pitch from time to time as reqtiired. 
The bars, which require very few attachments to the masoniy, 
can be welded or rivetted together, so as to form large frames, 
having open meshes of from one square foot upwards ; and if 
made with ring joints would form a sort of chain net-vork. 
Iron lattice-work has been used in protecting the sloping surface 
of a weir, in a river which is subject to sudden floods, as also 
in a sea-wall at Arbroath. The principle of the iron lattice- 
work is the combination of a laige part of the strength which 
is due to a whole plate of metal, with a greatly reduced 
surface, thus giving an abundant outlet for the escape of 
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CHAPTER XI. 

' ON THE EFFICACY OF TIDE AND FRESH WATER IN PRESEKVING 
TOE OUTFALL OF HAHBODES AND RIVEKS. 

Poula snil Shoals due to Tnristions in the Plood-wnter Sectional ArosB—FIood- 
water and Sommer-water Seetioniil Arena inrersely proportiocal to each 
othw — Gravelly Kivera — Contraction of Eatuuriea— Relntive Vulnes of Salt 
and Frreli Wttt«r for Sconring— Value of Tida Water on Banlis— Abfltrae- 
tion of Frrsh Water — Syrninetrical Section— Effacl« of Embnukincnta. 

I The commercial value of our harbours and navigable rivers 
[ is principally dependant on the depth of the channels which 
connect them with the ocean. It seems, therefore, scarcely 
possible to over-estimate the importance of ascertaining what 
is the principal agent that scours and preserves the depth of 
Buch channels, and what are the conditions under which that 
agent operates to the greatest advantage. Tet it ia one of 

I those subjects on which much difference of opinion prevails, 
taxi there ia consequently a corresponding want of agreement 
iftmong engineers as to the principles which should regulate 
the design of works for improving tidal channels. The engi- 
neering of rivers and estuaries has been veiy fully treated in 
Mr. D. Stevenson's "Canal and Eiver Engineering." The 
only part of the subject which requires notice here, as more 
especially belonging to harbours, is the relative values of salt 
and fresh water as scouring agents, and I have to refer the 
1 reader for further information on this and all other subjects 
I relating to Eiver Engineering to Mr. Stevenson's Treatise. 

Pools and Shoals in Eii'cra above the injlumce of the Tid^ 

e retpeciively to ContraiAvms and Ej^anaians in the Flood- 

■ Sectional Areas. —It is unquestionably a fundamental 
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law of hydrodynauiics that by contracting a channel you 
secure a deeper track if the soil be so soft as to be removable 
by the increased velocity of the current 

I had lately occasion, with reference to a question of law, 
to inquire into the causes of the formation of certain pools 
and fords which existed in the upper parts of a river to which 
the tide had no access. The conclusion at which I arrived 
was that, where not due to differences in the nature of the soil, 
shallows were occasioned either by bends in the river, in 
which case they are formed on the convex side of the stream, 
or to ei^argements of the flood- water channel ; so that, where 
the summer water area is small and the velocity great, the 
flood-water area will be large and the velocity small, and vice 
versa. Conversely, that deep pools were due either to sudden 
bends, in which case they are formed on the concave side of the 
stream, or to sudden contractions of the flood-water sectional 
area, owing to the banks above the summer water level being 
high and steep. In other words, wJiere the stream has a strai^jhi 
course, and the soil is homojeneans, tliere is a co7istant relation 
subsisting between the Jlood-^vattr and summer-acatcr sectional 
areas, aiul these two are invcrsehj pro^portional to each other. 

In Gravelly Rivers th^ great leading features of Depth and 
Direction are due to the oeeasioiml action of very heavy Floods, 
and not to the Hver in its ordinary state, — In rivers which 
pass heavy gravel, the bed, both as regards deptli and direc- 
tion, will depend upon great land floods, which are alone able to 
scoop out to a gi^eat depth heavy gravel and boulders. I believe 
that the river Spey in Morayshire still bears marked traces of 
the great Morayshire floods in 1829, when the discharge was 
greatest, or rather when the ratio subsisting between the sec- 
tional areas and the discharges was the greatest, and when the 
scour at the bottom would of course vary with those ratios. 
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The greatest flooda should therefore make the greatest 
excavations at some places and the greatest deposits at others, 
just as the relative magnitude of discharge and areas shall 
determine. If a straight river weie of regular section, or 
rather of sections everywhere proportional to the discharge, 
then the floods would deepen the channel uniformly through- 
out> without the formation of pools aud shoala. 

The pools formed by the greatest flood will not remain of 
the same depth, for the liver, under the influence of smaller 
floods, passes periodically certain sizes of gravel, washed down 
by rain from the land, in quantities inversely proportional to 
the cubes of the diameters of the gravel — to the density of the 
materials — and to the duration and amount of the discharge 
of water. The first considerable flood after the greatest, will 
not move the heaviest class of boulders which the greatest flood 
had been only able to move a very short distance ; but gravel 
of lesser size will be cai-ried down the steep slope at the upper 
end of pools. When this gravel came into the pool it would 
be in deep water, and resting on a comparatively level bottom, 
and not so likely, in such circumstauces, to move, as during 
greater floods. The tendency of a succession of such floods 
is obviously, though very slowly, to restore the level of the 
pool to what it was, before the occurrence of the greatest flood. 

But these remarks apply only to what has been termed 
the "river proper," to which the tide has no access. In such 
a case no changes in the alveus of the stream can possibly 
aflect tlie amount of the scouring agent, which consists of 
rain from the uplands, and the produce of springs ; and which 
amounts, less absorption and evaporation, must be passed 
through every section of the channel on its way to the sea. 

Conlradlon in an Esluary may reduce aitimmt of scourimj 
power. — But the case ia different with a tidal river or bnmch 
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of tlie sea, in which, although a local contraction will trn- 
doubtedly produce an increased local depth, it does not follow 
that such contraction may not injuriously reduce the depth 
nearer the sea ; for if water be excluded from tlie hanlcs of the 
upper estuary, there is a risk that it may cease any longer 
to enter the navigation. 

Relative Values of Sail and Fresh Water as Scourin'j Agents. 
— Some engineers (among whom was the late Mr. liobinson 
Palmer) have gone so far as to consider the fresh water the only 
efficient scouring power, while they regarded the tide water aa 
rather an evil In April 1812 the late Mr. Robert Stevenson 
discovered in the river Dee at Aberdeen harbour, that when the 
salt water of the ocean enters even small estuaries during flood- 
tide, it does not, as had before been supposed, oppose and com- 
niingle.in ordinary states of theweather, with the outgoing fresh 
water; but from its superior density, as proved by the hydro- 
meter, insinuates itself along the bottom of the channel, and 
raises the fresh water above it, which still continues its regular 
dischai^e outwards into the sea, in a film separate from the salt 
water. In 1817 the late Professor Flemiug, in repeating at the 
Tay similar observations to those made at Aberdeen, found 
corroboration of Mr. Stevenson's result, and tbnt, 18 miles from 
the river's mouth, the si>ecific gravity was greatest at the bottom. 
He farther found that the marine vegetation adh^ng to the 
hoilovi, tliongh not appearing at kiffher levels, also hore its testi- 
mony to the constancy of the operation of this law. He noticed 
that at Fiisk, "and even farther up the river, the f'licus wsicu- 
losas (the species commonly cut for making kelp) not only vege- 
tates, but in its season appears in fructification. But that 
which proves in a still more decisive manner the action of 
the inferior stratum of salt water at the place, is the growth 
of the coralline termed Tuhdaria ramosa, and another of a 
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different genua, closely resembling the Sertulnriti gclatinosa 
^ ofPallaa." 

I Tidal Guts. — Perhaps as obvious a proof as can be adduced 

[ of the independent and separate action of the flood-tide, ia the 
f formatiou in the lower parts of estuaries of what may be 
called tklal <pds. These are subsidiary or lateral low- 
■water tracks, having always their greatest width next the 
mouth of the river, and contracting gradually upwards. In 
many instances, as for example in the Tay and in Lough Foyle, 
these tidal guts, though often rivalling, and even exceeding, 
the depth of the main channel through which the fresh water 
passes, are Uind channels, ending in Ol <mI de sac at their upper 
ends. No stronger proof than this need he adduced of the J 

I great power of the flood-tide in excavating and moulding ^^^^H 

fur itself those deep channels which are altogether separate ^^^^| 

&om that which is occupied by the fresh water. ^^^^B 

Allegation that the greater Velocity of the Flood Tide tohieh ^M 

proceeds landwards must cause a SUtiiiff-v/p of the Estuary. — I 

Mr. Pahiier stated that " the effect of the flowing tide in 
raising the bed of the river exceeds that of the ebbing tides, 
and hence we may conclude that the depth of the channel is 
entirely and exclusively dependent upon the water which is 
derived from the uplands." The question may certainly very 

I properly be asked how it is that in any case where the flood 
tide has a greater velocity than the ebb, it does not bring in 
more sand than the ebb takes out. At first sight one would 
certainly be led to infer that, although the flood tide no doubt 
excavat«s deep tracks in the lower reaches of navigations, yet 
in the upper parts of salt water bays into which no rivers 
discliai^e, and where there arc no land freshes, it should 
cause accumulations. The only answer that I can think of 
u the fact that the flood tide, in bringing up sand from the 
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ocean, has to raise it from a lower to a higher level, or, in other 
words, has to work against gravity ; while the ebb, in dragging 
the particles from a higher to a lower level, is assisted by 
gravity. 

It is therefore quite in accordance with mechanical prin- 
ciples that the ebb, though having a less velocity, should, in 
pushing the particles down hill to the ocean, operate as much 
on the bed, as the flood tide with a greater velocity in pushing 
the particles up hill from the ocean- In estuaries where 
there is a large discharge of fresh water, the case is clear 
enough, because in these the ebb is assisted by the outgoing 
fresh water, which also, in some states of the weather, largely 
interferes with the translating power landward of the flood tida 

From these premises we may conclude that both the &esh 
and tide waters are useful in preserving the navigable deptL 
Were it otherwise we should find the very opposite of what 
is seen everjrwhere in nature. The lower down we go in an 
estuary, we generally find the larger low-water sectional area ; 
whereas, if the fresh water be the only scouring power, and 
the tide water an evil, we should find the greatest depth and 
the greatest sectional area in the ** river proper." 

Value of the Tide Water which covers the Banks or fills 
th4i side Creeks of a Kainrjaiion, — Some engineers, w^ho do 
not dispute the efficacy of the tide water as a scouring power, 
are not prepared to admit that the water, which at high tide 
occupies the banks and side creeks of a navigation, is of 
much, or perhaps of any value. The difference of opinion 
which exists among engineers seems to arise from the want of 
any method of determining, by direct observations, whether 
or not such tidal water lias in any case operated effectually as 
a scouring agent. The daily varying amounts of tidal water 
which are ])ro])elled into an estuary i'roni the ocean ; the ever- 
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li changing diacharges of the land- waters, being sometimes 

Pvcry small and at others prodigiously increased in volume ; 

and the heterogeneous nature of the materials forming the 

bed, which at different parts of the same river consists of 

gravel, sand, or mud, exliibiting an endless variety in the sizes 

Land coherence of the particles — present an almost hopeless 

■ complexity for the mind to grapple with, or for even elaborate 

I'Observations to unravel. 

From a comparison made some years ^o of different low- 
l"water sectional areas of river estuaries and of open bays in 
Ftheir state of nature, I remarked iu the first edition of 
ftlibis book, that in many estuaries and creeks the low-water 
luclional areas seemed, to increase directly as tfte quantities of 
VUde water that passed landwards of sucfi section, lines. By thus 
icomparing the sectional area at any point, with the area at a 
point a little farther down the estuary, we free the question 
from the difficulty of dealing with the unknown action of the 
freshes, which is nearly the same at both places, as well as of 
]■ the ever-varying amount of the tides, which is also the same at 
^ each. "We should therefore, where the bottom is of uniform con- 
r flistency, find a progressive incrcase in the lovMmttcr sectional 
area, proportional to the progressive increase in the amount 
of tidal water as we approach tlie sea, because the amount of 
I tddal water is always increasing, while the land-freshes in 
remain nearly the same, at least for short dis- 
tances. I do not, however, venture to assert that the principle 
has beeu sufficiently established to admit of general applica- 
tion, nor do I believe that it can ; hut I regard it as a conve- 
nient method of illustrating the beneficial influence which, in 
IBome estuaries at least, ia exerted by the water which covera 
the banks at high tida 
Where « a a" are low-water sectional areas of the clianuel 
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in approaching the sea, and c c are the intermediate hiyh- 
water capacities, then 

a = — (a — tf ) + o 
c 

The following are examples taken from the Tay below 
Newburgh, and from Belfiwt Lough : — 



Actual Capacities. 

87,355 
109,G46 
104,226 



River Tay. 

Capacities by Calculation. 

92,000 

99,600 

155,652 



Mean 100,409 



Mean 115,751 



Belfast Lough. 



Actual Capacities. 

242,651 
318,208 
367,913 
333,721 
453,023 



Computed Capacities. 

243,000 
304,000 
319,000 
387,000 
403,000 



Mean 343,223 



Mean 343,200 



In the nan'ow artificial channel of the Dee, Cheshire, the 
efficacy of a given quantity of tidal water was, as miglit have 
been expected, greater than in navigations which were left 
more nearly in a state of nature. 

It must, therefore, be kept in view that what has been 
stated is merely of a general character, and is not to be re- 
garded as of constant local application, for the value of a 
cubic yard of water do])ends on its level in the estuary. The 
following remarks by ^Mr. I). Stevenson should therefore be 
kept in view in dealing with individual cases* 

* Cfinal mid liivcr Engimrriny. A. k C. IJljick, Edinburgh, 1872. 
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" It will readily be seen that the efficiency a 



a aeour of 

a cubic yard of water filled and emptied by every tide, as com- 
pared with that of a cubic yard filled ovXy five times during 
every set of spring-tides, is in the ratio of 730 to 144, not 
to mention the more effective scouring power of water dis- 
charged after half-ebb, aa compared to a similar quantity dia- 
ohaiwed, for example, during the first hour after high water. 

" The value of the water as a scour is therefore influenced 
both by its volume and by its Jevd, and may be expressed aa 
follows : — 

V T, 

where V = the volume or cubic feet of water space above the low- 
water level of the estunry. 
T = the number of times it is (iUed by the tiJe throughout 

the year. 
S = the effective scouring power. 

" The only other consideration that should be kept in 
Yiew i3 that of two spaces, V, V. of equal capacity, and filled 
, mcry tide, that which is lowest in position will be moat 
\ effective in operating on the low-water channel These 
f Talues must of course be held applicable only to different 
V oonditions of the tame river where the hardness of the 
[.Ijottom to be scoured and other circumstances remain un- 
E altered." 
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I Bfficienct op fresh or htver water as a scoueinc agent, 

AND THE EVIL3 OF ABSTRACTING IT FROM A SAVIGATIOK 

WHERE THE BOTTOM IS SOFT. 

Abstraction qf/resh water where the soil is soft mill cause 

rtduction of capacity of alveiis and difiiinidion of the qwaitity 

\.i^water that enters from, the ocean. — The evils of abstracting 

tiresh or river water from a navigation are twofold. First, 
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Directly, by the losa of this constant scouring power. Second, 
Indirectly, by the diminution of capacity of the alveiis, which 
is produced by the rising of the bottom and sides consequent on 
the reduction of the fresh-water scour, so that the difference in 
amount of tidal water due to the decreased area of the alveus is 
excluded from the navigation. It is obvious that the contrac- 
tion of the alveus must reduce the quantity of water that used 
to come in from the sea ; for if we suppose that a stream is 
diverted from its natural outfall, and allowed to discliai^e at 
another part of the shore, the sectional area of the stream at 
any given place between high and low water will, if the shore 
be rocky, vary inversely with the fall of the beach at that 
place. But if the bottom be soft mud, Lhe tendency of the 
stream will he to equalise its gradient by cutting (if the sdl 
be homogeneous) a straight cliannel with a uniform gradient 
over the beach, due to the total distance between the high 
and low water margins divided by the rise of the tida It IB 
obvious, therefore, that after a. sufficient time has elapsed, tiie 
stream will liave cut an alveus in the mud of much larger 
sectional area than the sectional area occupied by its own 
fresh water. Nothing is more common than alvei, such 
as I havo described, having at low water only a very small 
area occupied by the effluent fresh water. 

Now, aa the whole alveua is filled at high water, it follows 
that the comparatively trifling stream has secured an addi- 
tional scouring agent from the sea, very much greater than is 
represented by the fresh-water sectional area multiplied \iy 
the distance between the high and low water margins, so that 
with the ebb-tide there is available for scouring purposes the 
constant iresh-water discharge, plus the whole salt-water con- 
tents of the alveus. 

Even in narrow artificial cute, such aa the Dee at Chester, 
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where the flood-title comes in with a bore and the freah-water 
current is reversed and sent landwards, the whole amount of 
fresh water impounded during the time of flood tide is alto- 
gether insufficient to fill the cstuaiy. Mr, D. Stevenson found 
the high-water capacity above Connah's quay to be about 220 
millions of cubic feet, while the whole n^regate ordinary 
discharge of fresh water during flood, amounts to only 3 or 4 
millions of cubic feet. Hence we see that the fresh water in 
this case is vastly more efficacious indirectly than directly. 

Abstradioa of fresh crater, though it causes a reduction in 
capacity of alvevs, does not necessarily reduce tlie depth in (he 
ehaniKl. — It does not follow, however, that the bottom will in 
all cases be raised by the abstraction of fresli water, although 
the capacity of the alveua is diminished. The bottom, for 
example, may have consisted of gravel of so large a size as to . 
have defied the eroding action of the original current, and 
therefore there may exist a gradient sufficient tn generate a 
current which precludes the deposit of such light materials 
as the river brings down. If this be the case, instead of the 
depth being affected, it will only be the breadth that is changed. 
The reduction of the dischai'ge will, therefore, alter the rela- 
tion of breadth to depth, without decreasing the depth. 

Symmetrical Section. — Had the soil in the case which we 
have supposed been homogeneous — that is, had the soil of 
the bottom instead of being heavy gravel been the same as 
that of the sides — the symmetry of the section would have 
been preserved, and such a section may therefore he termed 
the symmetrical section. 

Forced, or Artificial Sectvnu — Tlie symmetrical may, how- 
ever, not be the most suitable for the navigation, as it may 
be better to increase tlie depth at the expense of the breadth. 
But then, to reduce the scouring agent is not the prnpei way 
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to effect this object, but the very reverse, for that would re- 
duce the section without increasing the depth. If a forced 
section has to be substituted for the symmetrical section, the 
proper expedient is to erect stone walls at the sides, so as to 
destroy the homogeneity of the material forming the peri- 
meter of the channel, and thus to alter the relation of depth 
to breadth. 

Abstraction of a portion of the fresh vxUer which at present 
is capable of disturbing and rearranging the constiiuenis of 
any kind of soil, may occasion a greater deposit of the same, or 
of a finer kind of material, bvi not of a coarser. — If what forms 
the existing bottom be the same as has been brought down 
by the present scouring agent, then any diminution of that 
agent will cause a new deposit of the same kind of material, or 
of a finer kind, but not of a coarser. This is clear, for if the 
original amount of scour be insufficient to lower any further 
the present level of the bottom, it will be insufficient to move 
a heavier or coarser material If the reduced current be still 
able to move the mxiterials stated in the first column of the 
Table, then the deposit shown in the second column will take 
place ; and if the current be still more reduced, than the order 
of succession in the third column becomes possible. 

Table of Order of Deposit of Materials when Backwater 

is reduced. 



Nature of Present Upi>er- 
most Deposits. 


Fresh Deposits that 
are c.erUin. 


Fresh Deposits that are 
possible. 


If silt . 
,, nnid . 
,, suntl . 
,, gravel. 
,, boulders 


Silt 
Mud 
Sand 
Gravel 
Boulders . 


Silt. 

Mud or silt. 
Sand, mud, or silt. 
Gravel or sand, or 
mud or silt 



If the whole summer water discliarge of a land stream be 
diverted from its proper outfall for manufacturing or other 
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purposes, a deposit, unless the water were absolutely clear, 
must take place throughout the whole navigation. But 
where the upper reacbea are very narrow, and tliuB have a 
small flood-water sectional area, the deposit that will take 
place during summer droughts will be only temporary. 
Whenever the heavy winter freshes, which cannot be stored 
or diverted, descend from the uplands, the deposit that took 
place during the droughts in those places where the flood- 
water sectioual area is small, will, I believe, in most cases be 
removed, and the original area restored. 

In the lower reaches, or at other parts where the flood- 
water sectional area is large, the result will be different At 
the period of slack water of tho tide perfect sta^ation must 
exist, and a greater deposit will take place on the flat banks 
than there would had there been even a smali downward 
current, to keep the water near the middle of the channel in 
motion, and to generate side currents, which would be found 
useful in reducing the tendency to deposit. After the tide 
has passed out, and the deposit on the upper parts of the flats 
has beeu subjected to the sun's rays and to the action of dry- 
ing winds, it may attain a coherence so great as to resist the 
next winter floods, which act most powerfully in the filnm 
fiaminis — and not close up to the margin of the marsh land 
where this deposit has taken place. 

JBeneficial Action of Vie Waves on the Lmvtr jRtaches. — The 
permanent accumulation to which we have just referred will 
be greatest where there are projections of the land to afford 
shelter ; but if waves get access from the ocean, or if the estu- 
ary be in itself wide enough to admit of the generation of 
waves of a foot or two in height, the deposit will be to a 
large extent broken up and removed during high winds. 

Alleged Inertme of Tidnl Wat^ bji ronfTadiii-ij the Alveuf, 




OsWjvit Oifitvr.dM tile via OQ the prindpk of Uie 
amatntHam tt fime^ tUmm a higber I«Tel in the upper 
ttttkt^ of fte nnB; ao Ait ihc qiuDtitj which raitets the 
Mt^ gil i ai ^rillMOt wmBj te Jiminiabed. To this principle DD 
d^BCtMn CHi In ulfclrf, far '•^ find in the British CbacneT 



SOfiwt 






I 



Bat the i — etiaJ qnotion \3 whether it be possible 
ij WB^ itifiewl wflsb to ttase a rise which will be eqni- 
nleot to the irate excluded bv embanking. \Vhen we have 
tn tnittal tidal colmim (rf 60 feet, as st the mouth of the 
Wye, it may be possible hy artificial waika to canae a vetj 
considerable rise in the height of the tide ; bat mth aoolamn 
of 16 or 18 feet, we cannot expect that any very appreciable 
efiTect would be produced unless by works of unusual magni- 
tude. Indeed, almost the only case with a small riae that 
I know of, is that of the Tyne, where, as appears &t>m Captain 
Calver's report, there is a rise of about six inches additional 
at Newcastle, due to operations on the most extended scale. 
But it must be observed that this improvement has not been 
efifected by contraction, but by dredgiog out the bottom. 

Facts regarding the Decrease of Depth due to the Etnhank- 
Ttient of Estuaries.— At the port of Ostend the evils of em- 
banking were clearly shown. Miiiard states that in 1626 an 
embankment was made which excluded tlie tide from a large 
portion of submerged land. The consequence waa that the 
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harbour began to silt up till there was a depth in the channel 
of only 1 metre. In 1662 a cut was made in the embank- 
ment 80 as again to admit the tide, and in 169S the channel 
was found to be from 13 to 17 metres in depth. The cut 
was again closed in 1700. In 1701 the depth was still good, 
but in 1716 complaints began to be made that the channel 
was silting up. In 1720 the channel was ahuost closed, 
when new cuts were made and considerable deepening resulted, 
but the back lands were by this time so much raised that some 
of the cuttings were shut up as useless. Further silting went 
rapidly on till 1810, when the depth was reduced to 2 metres. 
The mode of inundation was tlien abandoned, and artificial 
scouring by sluices was substituted ivith very indifferent 
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The river Dee, in Cheshire, also affords important data on 
the same subject. At Farkgate, in 1664, the depth at low 
water was 15 feet, and in 1732, before the river was embanked 
and diverted, there was still a depth of 15 feet at low water 
and 39 feet at high water. The Biver Dee Company was incor- 
porated in that year for the purpose of diverting the channel 
to the south side and embanking the estuary. The channel 
at Farkgate is now q^uite dry at low water, and has a depth 
of 10 feet at high water ; and near Flinty on the south aide, 
where the navigable channel now exists, the depth at low 
water is 3 feet, and at high water 23 feet, giving a rise of 20 
feet Farkgate is 4J miles below Uie end of the artificial 
causeway formed by the Kivet Dee Company, hut on the 
t^posite side, and the point near Flint selected for com- 
parison is on the same side of the estuary. As the depth 
near Flint at high water is 23 feet, and that at Farkgate 
10 this gives 13/i-c( of dlting, which is due to di-ecHing the 
:nnd. But there was formerly a depth of 39 feet at high 
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water at Pturkgato, instead of as at pnaent lO^ whieh gms 29 
feet of Biltiiig due to divenkm and embanTring, The xeaiilta 
tben, stand thus :-t- 

13 feet of sUting dne to dnrersion only. 

29 „ „ dne to divetBum and embankhig. 

Leaving 16 » ,» iln^ to miibamkXmg onily. 

Cbnehmm. — On the wholes then, it appeals that^ nnkss in 
pecoliar oaseSi emhanlnnents of any oonsideiaMe ertent within 
the tidal compartment of navigations and estoanea oog^ to 
be resisted, as well as all abstraction of thenphnd waters Cdt 
mannfiusturing or other purposes. The mode of conoentntung 
the action of the currents by high walls is therefore to be 
avoided, especially as the same result can be effected, without 
objection, by means of low training-walla^ which, by guiding 
the first of the flood and the last of the ebb, fix niosfe eflbotnaUy 
the^Suflii^Iiffiitiiw in one given direction, and thua comcenfaate 
the scour without necessarily excluding tidal water from the 
estuary. 



CHAPTER XII. 
HISCELLANEODS SUBJECTS RELATING TO HAEBOOBS. 

Movement or Shingle — Shoaling of Harbours — Artificial Scouring— DnMiging 
Sand-drifts — Danger of dt-epenuig Hurhoura — ComniBrcial Value of 
Channels proportiounl to Cubes of their Depths— Dmnghts of Ships — 

Soend of Waves — Ruling Depth of Harbours — Lighthouse Apparatus 

Timber Ponds— Harbours with two Entrances— Screw Piles — Economy of 
Time — Hydraulic Apparatus — Coal Staiths — -Steam Cnuiea — Tonnage of 
Porta — Govemmcut Aid. 

Mffvement of heawj S/iingk by the Surf. — Wherever the 
heaviest waves strike obliquely on the shore, the shingle, if 
there be any, traveh across the beach, and ia very apt to fill 
up the entrances to harbours. Exautpies of tbis may be seen 
in the English Channel, and on the southeni coasts of the 
Moray Firth. The kind of shingle that is moved to leeward 
will, of course, depend on the force of the surf. Lieutenant 
Worthington, in his report on Dover, says that on that coast 
it averages 104 lbs. to each cubic foot. 

Slioaling of Inclosed Harbours. — It is a mistake to sup- 
IH)3o that, when water is inclosed by solid piers, there must 
necessarily be a great deposit. This misconception gives rise 
to the reports which are so frequently made, that basins con- 
structed long ago have to a great ext«nt silted up ; and 
similar allegations are made, with aa little foundation, re- 
garding bays and natural creeks of the open sea. The only 
way to teat the truth of such statements is to procure accurate 
soundings, and compare them with the original depths, when 
probably, in the great majority of instances, it will be found 
that there is no material difference from the oldest chaits. 
These notions most likely arise from confounding arlifkial 
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with iwtorn/ dmuials. Tbt shoaling of channels whicb 
Iwve bean dredged deqter tbm the original bottom forms no 
pitq^ gnnmd fiv pndutang a similar reijudion of the depths 
dne to the. nsfainl profS* qf e-nt.^~rmncy of the shore, which 
gBDOntUy p t e e or T O B ite. STminetry w ith remarkable persistencr. 
ercn wiUdn irtifioial itwinfiwg walla. 

Ckmm ^ Ineitmd Maiiom* ktifpinff open. — Captaio Calver, 
iriw it itaon^ <9poaBd to clofee harbours, on the ground that 
tbej- will fill up, makee an ttuception regarding small tidal 
], wMdi he says aie fcept clear by the " scavenging 
■ "of hi{^ winds dniing ebbing tide, and that the 
"moit diniiuBtive Iqvper" is effective in moving the lighter 
Unds of deposit 

IbssozfiMe-ripple dfleoiibed by Mr. Calver will, no doubt. 
Iwn a eertain effect Bat there must surely be some other 
oanie gieatly mme powerfbl and efficient, than this, to 
keep open oar ports and haibouxs. The " run" wherever 
there is a ffnand-ewtU, and even the ordinaiy wavee jho- 
duced by a gale, are, I thinlc, the agents which poaseas all the 
powers that are required ; for although the depth at the 
entrance be considerable, yet, when the wind is strong the 
surface undulations become, partially at leasts waves of 
translation. Each wave, as it enters the basin, will therefore 
import a certain quantity of water, which most oltimately 
escape seawards through the entrance, otherwise the water 
would stand higher within the harbour than in the sea out- 
sida The nnder-surface current thus produced runs p^xibahly 
very near the bottom. Hence the detritus and silt that would 
bo left in the basin, were there no such current, is carried out 
again into the open sea That the quantity of water so 
brought in cannot be very small may be judged of from the 
fact that, during a gale in the Irish Sea in 1842, 1 counted 
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^9-6 waves per minute, ao that about 14,000 waves broke on 
I the shore during twenty-four hours. Although each wave 
injected but a email portion of its contents into a harbour, it 
is quite conceivable tliat that water, returning seaward, 
should prove efficient as a scouring power, or at least in pre- 
venting the entrance of silt near the bottom. Mr. J. Wilson 
I of Sunderland expressed the opinion some years ago in the 
Snginfer's Magaxinc that when there is au on-shore wind there 
I must necessarily be an o£F-shore current, and Mr. Clegbora of 
Wick also maintains similar views. There can be no doubt, 
1 think, of the accuracy of these opinions; but, as stated above, 
a ^oiindswell will generate in a close harbour an outgoing 
current even in the calmest weather. 

Artificial Scouring. — The preser\'ation of the depth of 
' luirbours at a level loimr than that of the original bottom in- 
volves both uncertainty and expense. "Where the dejiosit is 
confined to the space between high and low water marks, the 
scouring by means of salt or fresh water is comparatively 
; but where it forms a bar outside of the entrance, the 
possibility of maintaining permanently a greater depth 
becomes very doubtful. The efficacy of the scour, so long as 
it ia not impeded by enlargements of the channel, may be 
kept up for great distances, but it soon comes to an end after 
it meets the sea. When the volume of water liberated is 
great compared with the alvetis or channel through which it 
I has to pass, the stagnant water which originally occupied the 
I channel does not, to the same extent, destroy the momentum, 
I as where the scouring has to be produced by a sudden finite 
I impulse. In the one case the scouring power depends, caleris 
I parHnis, simply on the relation subsisting between the quantity 
' liberated in a given space of time and the sectional area ol 
k the channel through which it has ia pass ; while in the other 
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it depencU on the propelling head, and the direction in which 
the water leaves the sluice, llr. Sendel 3 scheme for Krken- 
head was on the former principle, which it mnst be recollected 
is onl J applicable where the soil is easily stirred np. 

Efftetivt Vtlocitif of Sa>uring. — ^The qnantitj proposed by 
Mr. Bendel for scouring at Birkenhead on average spring tides 
was 1,600,000 cubic yards, to be liberated in the short space 
of three quarters of an hour.* In all cases of scouring, it is 
of course an essential condition that such a velocity be 
generated as is necessary for acting upon the soiL The 
largest amount of back-water will be inoperative if it has less 
than what may be called the effective Telocity, or that required 
for acting on the material which forms the bottom. If, for 
example, the discharge of the waters of a river be equalised 
by the construction of regulating reservoirs, there will be an 
actual diminution of scouring power, because a sudden 
flood could remove what the same, or even a much greater 
quantity of water would never efiect if liberated more 
slowly. 

The first example of artificial scouring in this country 
seems to be due to Siiieaton, who used it effectively at 
liamsgate in 1779. At Bute Docks, Cardiff, designed by the 
late Sir W. Cubitt, the access to the outer basin is kept open 
most successfully by means of artificial scouring on a large 
scale. Tlie entrance was cut through mud banks for a 
distance of about three-fourths of a mile seaward of hijrh- 
water mark. The initial discharge when the reservoir is full 
is stated to be 2500 tons per minute. I have known even so 
limited a discharge as one ton per second produce very use- 
ful (»ff(»ct8 in keeping a small tidal harbour clear of sand. 

• Port and Docks of liirkcnluiul, by T. Webster, M.A., F.K.S.; London 
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Duration of Scouring. — Minard holds that when a channel 
has to be maintained by regular and habitual scouring, the 
whole effect is genexalty produced in the course of the first 
quarter of an hour. This was made the subject of particular 
investigation at Dunkirk, where sections of the channel were 
made before and during the scour ; and it was found that 
there was no alteration in the sectional area after the first 
quarter of an hour. 

Reservoirs /or Scouriitg. — Minard points out, as the best 
form for saniHng reservoirs, that which will admit of the 
largest discharge in a given time ; or, in other words, where the 
mean distance from the orifice is a minimum. Such a fonn 
ia obviously the semicircle having the point of discharge in 
the centre. He also adduces the following examples of arti- 
ficial scouring. At Calais the first scour removed about 
100,000 cubic metres of sand = 130,800 cubic yards. At 
Dieppe one scour removes about 1500 cubic metres of sand = 
1962 cubic yards. At Ostend, about 500 cubic metres = 654 
cubic yards ; and at Treport, according to Cessart, 3000 cubic 
metres of gravel = 3924 cubic yards, were removed. ^Vhen 
gravel is to be displaced it is very important that the dis- 
chai^ should take place a little before low water, but with 
mud and silt, the longer the discharge continues the better, 
as it prevents those light matters from being brought in 

At Sunderland Mr. Murray designed a reservoir of 34 
acres, 4^ feet deep, which is discharged in quarter of an hour 
by means of eight sluices of an aggregate area of 495 superficial 
feet, which, less 10 per cent for friction, gives 444,312 cubic 
feet per minute, producing a velocity of 409U miles per hour, 
and 3.166 along the bottom. The sluicea are placed at dif- 
• Minard, p. 100. 
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taeaA lervela m m to act on the whole mass of w»ter at aace, 
and the cnne&t U viriUe at s distaoce of 2000 feet from the 
point of diacharga 

IifieliM VMoeiHa of (Strrenlt. — For the velocity reqnireJ 
to move attmea at shin^ Bir Joha Leslie gives the following 
fiminila : — 

Where a denotee in feet the side of a cubic block of 
■toDfl or diameter of a boblder, and v = \h& velocity of the 
«gter in milea per hoar, vhich is c^nhle of moving it along 
the bottom, 

Hw amiezed aie the reralte of experiments made by vnrioiiB 
obaerven on the size of particles which are moved by cuixenta 
of different velodtaes : — 



9 in, per mo. = 0.170 milB i>eT hour will just begin to work on fine 

6 in. „ ^ 0.341 do. will lift fine sand. 
8 in. „ = 0.454S do. will lift sand a& eoane iw lint seed. 
IS in. „ ^ 0.6818 do. will sweep along fine graveL 
S feet „ = 1.3638 do. will roll along rotinded pebbles 1 inch 

in diameter. 
3 feet „ T= 2.045 do. wiU sweep along slippeiy angnlar Bbmefl 

of the aiie of an egg. 
6.66 ft. „ ^ 4.472 do. required at Havre and FSc&mp to aeon 



The most recent experiments are by Mr. T, Lc^in, of 
which a description will be found in the Proceedings of the 
Eoy. Soc. of Edin., vol iii. p. 475. In these experiments, the 
results of which are appended, the stream seldom exceeded 
half an inch in depth. 

■ Uinard, p. 106. 
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Brick-clay in its natural state was not, moved by a cur- 
rent of 128 feet per minute, or 1.45 mile per hour. 

Dredffing. — Steam and hand dredging are in frequent use 
both for the formation and preservation of harbours, and the 
former in combination with other works has produced the 
most important changes in our British rivera 

At the Clyde, Tyne, Thames, Tay, Kibble, and many other 
rivers, enormous quantities of stuff have been excavated 
without interfering with the usual traffic, Mr. Ure, who de- 
signed the dredge which is probably the largest that has yet 
been made, and which is now in use ou the Tyne Navigation, 
has been good enough to send me the following statement : — 



"Onr largest dredge here ia 142 feet long, 38 feet beam, and 
1 1 feet deep anudaliips, rising one foot fore and aft. The cngino 
is 50 liorae-power, the cyiiniler being 42 inches diameter, with tlie 
piston adapted to 3 feet 4 inches stroke, and working about 2'J 
rovolutiona per minute, with a prcseure of 5 Ibe. steam in the 
boilen. The quantity of dredging tliat will bo lifted by it tliis 
year (there is still a fortnight to i-un) will bo about 850,000 tone, 
the groimd being principally sand in Shields Harbour. But a good 
deal of interruption wua experienced in falling foul of wrecks, 
anchors, etc. The coat of this vessel complete was about £20,000. 

" Tho largest tiuantity of stuff tho dredge has raised in one day. 
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from 3 A.M to 10 p.m., was 5320 tons, which inclndes all deten- 
tions for shifting, etc., and stoppages. The most it has done in an 
hour of continuoos work I have not a memorandnm of^ hut it is 
ahout 450 to 500 tons. We send all those dredgings in proper 
barges to sea. It takes about eight to ten to keep her going, 
each carrying from 250 to 300 tons, and two steamers to tow them. 
Latterly I have tried a screw hopper barge, which proved snccess- 
fuL The distance towed will be 4 to 5 miles, and the same hack 
for empty vessels. ... I may mention that the cost of the 
plant to keep her at work — ^viz. the two steamers and hopper barges 
— will be about £25,000. 

Steam Hopper Punts, — The Messrs. Symons of Benfiew 
have constnicted large screw punts, which are now saccess- 
fully used in several rivers. The screw is 8 feet in diameter, 
with 12 feet 6 inches pitch. The draught of water, with 300 
tons on board, is 8 feet. Messrs. Henderson, Coulbom, and Ck)., 
of Eenfrew, have also constructed screw hopper punts for the 
Suez Canal. They are capable of containing 300 tons of wet 
sand, and are propelled by condensing engines of 35 horse- 
power (nominal). When these punts were tried on the Clyde, 
their speed, when empty, was 10.35 miles per hour, and when 
loaded with 300 tons it was reduced to 9*8 miles per hour. 
Their dimensions are — 

Length of keel and fore-rake . . . . 1 35 feet 

Length of hopper . . . . . 50 „ 

Breadth on deck . . . . . . 19 „ 

The plating of vessel and hopper is | inch thick, and forms three 
water-tight bulkheads.* 

Dredging in Exposed Situations. — From special obser\'a- 
tions which I had made for me by Mr. McDonald, resident 
engineer at Loch Foyle, when the dredge was at work, it ap- 
pears that the dredging cannot proceed when the waves exceed 
or approach 2\ feet. 

* Pmc. Meek. Journal^ vol. i. 3d series, p. 73. 



RELATING TO HARBOURS. 



241 



" When the wavea riao to 2 feet or 2J feet," says Mr. M'Donald, 
" we then let the vessel's head come to the winds and waves, when 
she rides much easier than when lying hroadside. We find the 
)iiints are worse to handle than the dredge ; they are so short that, 
with a 2^ feet wave, they would roll all the stuff off their deck in 
a short time ; and if we took them near the dredge, they would 
soon either destroy tbeniaelves or the machine, or prohably both. 
rt is also severe on the dredge to work when the seas are above 2^ 
to 3 feet high ; the weight nf the buckets and ladder on the stem, 
and the engine and coals on the bow, tends to strain the vessel 
amidahips. It is but seldom we have a wave even 3 feet high." 

Longh Foyle is about 15 miles long and 7 miles broad, 
and as will be seen from the table on page 23, -waves of 4 
feet ill height are sometimes genemted during galea ; yet the 
dredge with her punts, although unable to work, can ride in 
safety when exposed to waves of this height 

Mr, Ure tella me he has never tried the large Tyne dredge 
in rough weather, but with other dredges of the usual size he 
has never " done any good with more than a tico-/eel sea." 

Tiie Jimoval of Silt hy Pumping. — The late Mr. Duncan, 
engineer of the Clyde Navigation, kindly sent me tlie follow- 
extract from M. I^ferme's Eeporfc of 30th September 1859, 
on the result of M. Cache's silt-pump of 20 horse-power at 
St. Nazaire : — 

" The experiment has now been made on a scale vast enough to 
warrant giving an opinion on its merits, A longer trial might 
suggest the necessity of making some slight modifications in the 
<!etai1s, but we are bound to consider the aim as having been com- 
pletely attained. Tlie silt lifted by the punijis is not, aa might be 
supposed, mixed with water. When fiiirly cet agoing, tlie density 
of the silt lifted with the pumps ia 1.19, being evidently the muddy 
layer in which the sucker is at work, and which ie sunk in the 
mud for 40 or 50 centimetres (abuiit 18 English inches). A phial 
led with the mud drawn up with the pumps, after being her- 
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Bilkdlj Mdad, mi aDomd to alBia ftr 36 dq% hfti iB4f.afflM 
nf Trtur nil thn tup nf ilinnf ft ITftff in ttiirtiw 

The time i c qiuw d fiiv loidiiig tin boal (vlddi **"**s*« m ill 
velb SS5 cnliie mafcniX fa «M| i mriing , nd diHlmgii^ inriiiffing tti 
time lort in pnmmg tlnoiq^ tbe donUe Iock-g^te% lii op fiie wm" 
mgB 4^ iMinnL • • • jLub metn enbe oc mod ^'^"^ ftom tti 
liMin end cvned 1500 Betaee Im as jol^aU BEfoma^ mMki 
(aeq^ting intoMii of mfUtl)^ enoiinftBd to 16 cmitinm (li^pv 
enbiejnv^*' 

Mi: Duncan infonned me that lie finmd Hob ^aa fid oak 
anawer at the Gl jde. Althoagh the loae waa buied aefanl 
ftefc in tihe mnd, nothing bat dieooloared naier mm eter 
lifted. The material* was 80 porons that the water pewoiated 
fieetf throngfa it, and being the lighter body was lifted bf the 
pumiy in a oonsidenble streauLi* 

It is probable that in some dotk$ fiie depoeifc nmj be of 
a density that wonld admit of its being ponded. Iha an- 
nexed table of deposits for diffsrent ports isfiomMlnaid: — 

Table of Deposits in Docks. {Minard.) t 

Inches per daj. 

Eamsgate 157 

Hull 118 

Flessingen 197 

Havre 276 

Honfleor 787 

Mkditebeanean Ports. 

Inohes per ammm. 

Maneilles 0.236 

Cassin 3.937 

Ciotat 1.456 

Bouc 0.394 

At the old dock of Grimsby fresh water is supplied by 
land-streams, from which, unlike the water of the Humber, 

* Its specific gravity was 1.46, that at Nazaire 1.19. t Min. Cir. Eog. 

t Minard, p. 95. 
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tliere is little deposit. At Cardiif, instead of using the Bristol 
Channel, which has much silt in mechanical suspension, the 
waters of the river Taff are used for supplying the Bute 
Docks, while the New Docks at Peiiarth are entirely sup- 
plied by the tide water of the Bristol Channel, 

Checkkuj Sand-Drifts. — Though the sea, with its restless 
waves and ever-varj'ing tides, will always demand the greatest 
share of the engineer's vigilance and attention, yet it is not 
the only foe with which he has to contend. There are diffi- 
culties to be met on tlie land as well as on the sea, "When 
high winds sweep across a large tract of barren sand, large 
quantities may be deposited in docks or harbours. At 
Ostend the sand, even when wet, has been carried by the wind 
to very considerable distances. 

Different devices have been tried for checking sand-floods: 
High stone walls have never, in any instance that I have 
known, been found to do much good. At the harbour of Kaim 
a slight fence about 8 feet high, and consisting of spars of 
wood from 3 to 5 inches broad, and fixed from IJ to 3 inches 
apart, has been fotmd more efficient than an altogether im- 
pervious barrier. At Mullaghmore Harbour, in the county 
Sligo, Lord Palmcrston planted a species of pine tree for 
checking the incursions of sand, on the advice of the late Mr. 
R. Stevenson, who had been struck with the vigorous growth 
of the Pinus maritima major on the shores of the Bay of 
Biscay, In his report to Lord Palmerston in 1839, Mr, 
Stevenson recommended that pine cones should be procured 
from France. A kind of bent grass was, on the suggestion of 
tJie late Mr. Lynch, Lord Palmeraton's land-steward, planted 
on the side next the sea, so as to act as a protection to the 
pines during their first growth. Tlie I'esult of Ihe ex- 
periment has been highly successful, having established tho 
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fact that the Pinus maritima major is, in certain circumstances, 
nearly as well adapted to our own coasts as to the coasts of 
Konnandy, a fact which deserves to be more generally known. 

The following information was kindly communicated by 
Mr. Kincaid of Dublin, as to the present state of these planta- 
tions. 

** The Mullaghmore plantations extend to about 200 acres. 
About 80 of these were planted 25 years ago. Some of the 
trees are 30 feet in height, and vary from that height to about 
20 or 25 feet. The remainder were planted 10 years ago, and 
are making fair progress. All the pine plantations from 
opposite Newtown ClifiFony to Mullaghmore are in a most 
healthy condition, the trees making growths of from 12 to 20 
inches each year. The storms have no bad efTect on the 
south side of the great sandhill, but on its sunmiit, and 
towards the west side, the spray and gales of the Atlantic will 
not allow the young trees to make any progress." 

Daiifjcr of deepening the Entrance of ITarbours of Small 
Beductive Pmcer. — One cause of disturbance in harbours, 
which is often not sufficiently considered, is the inconsiderate 
deepening of the entrance, without making, at the same time, 
a proportionate enlargement of the internal area, or providing 
other works for counteracting the effect. As the depth of the 
water is increased, waves of greater height reach the entrance, 
and thus gain admission to the interior. At the port of 
Sunderland Mr. D. Stevenson recommended the removal of 
nearly the whole of the inner stone pier, and the substitution 
of works of open framework, in order to tranquillise the 
interior. These works, which have been quite successful, were 
rendered necessary by the frequent dredging of the channel 
at and near the entrance. Similar results have been ex- 
perienced at other harbours. The Table shows some of the 
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particulars of harbours which have sufifered disturbance from 
deepening. 











Low-waterdcpths 
at entrance. 






Area in 
ao.rcs 


Width of 
entrance 


Rise of 

tide in 

feet and 

inches. 
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and 
deci- 
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in feet 
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depth 
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deepen- 
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Lybster 








in it-et. 


in feet. 




2.21 


80 


10 6 


2 


4 
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Dunbar 


4.01 


58 


17 
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Cockenzie 


2.71 


84 


16 6 
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(deepened (h>m mouth 














inwards). 














Sunderland . 


• • • 


820 


14 6 


• •• 


4 





Commercial Value of Harbours or Rivers increases as 
the Cubes of the Depths of Water. — It is not wonderful that 
the risk of admitting more nm into a harbour should often 
be disregarded in acquiring a greater depth ; for the com- 
mercial advantages are not proportional simply to the addi- 
tional depth, but they increase in a much higher ratio. 
Besides there is a farther advantage due to increase of depth. 
For example, Mr. George Eobertson has shown that by 
making the Albert Dock, at Leith, 2 feet deeper than the 
Victoria basin, there are 296 tides in the year in which 
there will be a depth of 23 feet, whereas at the Victoria there 
are only 102 tides in the year in which that depth occurs. 

From an examination of the proportions of a considerable 
number of vessels, it turns out that, although there seems to 
be not much uniformity in the ratio of tonnage to draught 
among steam- vessels, whether propelled by paddle or screw, 
yet there appears on the average to be a tolerable amoimt of 
uniformity among ordinary sailing vessels constructed of 
timber. I have found that, although even among sailing 



vessels there are tnatked peculiarities in the build, Uie fallow- 
ing simple formula, deduced from a somewhat extended ex- 
amination, gives a fair general approximation to the tonnage. 
It cannot, however, be regarded as more than generally trua 
Where d represents the draught in feet, and ( the burden in 
tons, and a is a constant depending on the build, 

The ratio of draughts to tonnage has been gradually de- 
creasing ; but for the general run of timber veasela built 
twenty or tliirty years ago, a may be taken = 10, and for 
those at present frequenting our ports, a may perhaps be 
assumed as = 9, for vessels up to 500 tons, though veiy many 
of the larger class of vessels lately built would require a 
factor of only about 71- 

Draughts and Tonnage of iw. — For vessels of heavy ton- 
nage, the best information I e been able to obtain ia Mr. 
James Walker's Table of Draughts, given in his report of 1835 
on Leitli Haihonr, and stated by him as having been obtained 
on the moat reliable anthority. The Berwick Haiboor Tabl^ 
in Daniel's " Fort Does and ChargsB," pablished in 1842, is 
the most complete infinmation I could get regarding smaller 
veBsels. 
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Draughts and Tonnages of Ships, from the Berwick Harbour Table 
1842, and from Mr. Walker's Table of 1836. 



Tonnage. 


Draughts fh>m 
Berwick Table. 


Dratights fh)m 
Mr. Walker'B Table. 


Draughts calculated 
from Formula 

d^ ^ lOxt 


80 


7 




6.7 


40 


7.5 




7.36 


50 


8 




7.93 


60 


8.5 




8.4 


70 


9 




8.87 


80 


9.5 




9.28 


90 


10 




9.65 


100 


10 




10.00 


110 


10.5 




10.8 


120 


11 




10.6 


130 


11.5 




10.9 


140 


11.5 




11.18 


150 


12.0 




11.5 


160 


12.5 




11.7 


170 


13.0 




11.9 


180 


18.5 




12.16 


190 


14.0 




12.4 


200 


14.5 


12.5 to 18.6 


12.6 


800 




18.0 to 16.0 


14.4 


400 




16.0 to 17.0 


15.9 


500 




17.0 to 18.0 


17.09 


600 




18.0 to 19.0 


18.17 


700 




19.0 to 21.0 


19.1 



The above Tables were drawn up mainly to show that 
we are justified in inferring from this formula that the capaci- 
ties for tonnage of different channels vary as the cubes of their 
depths — a law which may be found useful when comparing 
the relative advantages of two navigable tracks. This result 
at once explains why such large sums are often cheerfully 
expended in securing even a single additional foot of depth 
in harbours or river navigations. 

The following Table, calculated with the factor 10 for the 
smaller class of vessels, and 7.5 for the larger, gives a better 
idea of the class of vessels which are now generally built, 
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the safe side as regards the size of 
tluxjugh a. channel of given depth. 

Factor 7.5. 

IDnughu. Tiliiu«e. DnughU. 

— 15.6 1300 — 21.4 

— 1C.6 1400 — 31.9 

— 17.4 1500 — 22.5 

— 18.2 1600 — 23,0 

— 18.9 1700 — 23.4 

— 19.6 1800 — 23,1) 

— 20.2 1900 — 2J.3 

— 20.8 2000 — 24.9 

DrangU of Steameis in Ballasi.-^At the Clyde, steaui- 
tcbmIb of &oia 250 to 400 feet long draw, with their machinery 
<m board, from 12 to 18 feet, which would give the light 
dnm^t = loaded draught « .7, 

Dnaighi of Fishing-Boats. — The ibllowiug Table shows the 
dnoght aod principal dimensions of different classes of Sshing- 
txwta^taJten chiefly from the late Admiral Washington's £eport. 
Tabli of Ddunbions of different Fibhimo-Boatb. 
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Laded. 






ft In. 


ft. In. 


R. to. 


R. 


Scotch boata, prCBsnt Uigeert aite 


44 


IG 6 


6to6i 


« 


St Ivea - 






40 9 


12 3 


a 6 




I«l« of Han 






40 8 


11 B 


7 fl 




Galvray Hooker • 






S3 


10 6 


5 8 








3a i 


11 


7 6 




Yannoatli luraer 
HsstingB d6. 






52 


14 11 


7 








48 


14 11 


7 3 




Deal do. 






3S 


12 3 


6 « 




Penzance 






40 S 


12 


8 e 




Yarmouth 


37 


12 8 


4 





Bars. — The cause of bars is not, as many writers affirm, 
the meeting of contrary litoral and river currents, but the 
heaping-ap action of the waves, which thus form a kind of 
miniature under-water beach, whose position and height 
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depepd upon the relative forces of the waves and the outgoing 
river. The reader is further referred to the works of Abbot 
Castelli,* and to Mr. D. Stevenson's Rivers and Canal Navi- 
gation. The obvious cure, then, is to shelter the bar by break- 
waters, which will reduce the height of the waves. In order to 
proportion aright the breadth of enti-ance to the interior breadth, 
the formula for the reductive power given at page 147 applies. 

Vertical Secnd of the Watm. — If the weather be perfectly 
calm, ships may enter a port, although their keela are almost 
scmping the bottom ; but if there be any surge, the available 
depth becomes very considerably decreased by the vertical 
" scend " or plunge of the ship below the mean level of her keel. 

The ndiiu} or available Depth may be termed the niinimiun 
navigable depth of water leduced for " scend," which a vessel 
can depend upon finding at low water of ordinary spiings 
throughout the track leading from the open sea to a safe berth 
in the inside of the harbour. 

Mr, Meik, CH, has obligingly communicated the method 
of estimating the " acend " at Sunderland. " The ' scend ' of 
vessels," says Mr. Meik, " is the lift of the vessel, and is ascer- 
tained by taking the perpendicular space the vessel moves 
through, or the space between the position of the keel at its 
lowest to its position at its highest elevation. To arrive at 
what is the greatest draught at which a vessel can pass over the 
bar, we have generally deducted the 'scend' from the registered 
depth on the gauge, but properly only the space between the 
level of the keel of the vessel in smooth water and at ita 
lowest level when passing through a wave should be deducted. 
This, I consider, would be too fine for practice. I cannot tell 
whether our rule is adopted at other ports ; it is, however, used 

* Oeomctricol Demon stiationG of (iiB Ueisure of liunoing W&t«ra, b; D. 
EkoMdno Custclli : fot. Lond. 1061. 
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hoc vtrj gaeuBj. Vfiea jmstng over a ware with a 10 
ftdi fi&t MBa of OUT man coBien wodld soeod 7| to S feet, 
w h «M a a a long sorew collier of 180 feet id lengtli would od]j 
1 S faet We have aacertaincd this ftom actual otoerm- 
tiona The aoend is gt^temUy taken at ttohtAirdt of the greatest 
lift of the wa^'« for ordinaiy collieis, and one-hedf of the lift 
of tbe ware for large screw steameTS— taking in both cases the 
Hft or bea^t of the wave to be from the lowest fall to the 
We take principally by the eye, or in the proportions 
I haTB stated, if only the extreme height of the wave is re- 
turned. We have frequently checked this, when vessels 
stmck slightly, and we have found it to be very correct." 

ffeiffht of Summ^ and Winter Waves, — The accompany- 
ing diagram (Fig. 29) of the height of the waves at Lybster 



BeoiaTEB of Heioht of Waves for 1862, observed at Lobster, 
CaithnesB-shire, 




uiiUl 
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i 



Harbour, ia given for the purpose of indicating graphically 
the suddenness with which our eastern coast is visited by 
galea, and the comparative eligibility of the summer and 
winter months for carrying on marine works. 

Lighthouses. — Every port should be provided with a light- 
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house for showing tlie exact position of the entrance during 
night ; and where there nre outlying rocks, there should be 
leading lights, which, when kept in one line, conduct the 
mariner clear of all dangers. For a description of the different 
forms of apparatus, whether dioptric or catoptric, I must refer 

I the reader to works specially devoted to the subject* All 
lighthouse apparatus, in order to collect and utilise the whole 
of the rays, should consist either entirely of glass acting by 
refraction and total reHection, or else of a union of instru- 
ments of glass and metal acting by refraction and ordinary 
metallic reflection. Great annual loss of oil ia too often en- 
tailed on harbour trustees by the use of optical apparatus, 
which has not been designed to meet tlie special wants of the 

I locality where it is placed. In one instance, the reflectors for- 
merly in use were replaced by a single "kolopkote " of small 
aize, consisting of a lens with zinc reflector, which not only 
gives a greatly more powerful light, but has saved, according 
to the superintendent's returns, two-thirds of the oil formerly 
consumed. In another case whore the light required to be 
spread over an azimuihal angle of 100°, one-half of the oil has 
been saved, and a far better and more equally distributed light 

i produced by a small asimnthal condensing apparatus of glass. 
LigJUhovse Apparatus. — The superiority of the dioptric 
system is even more conspicuous at small harbours than in 
large sea-lights, for at the latter there is always a sufficient 
staff to keep the reflectors in proper polish, but this is very 
rarely attained in harbour lights. I have recently designed 
* Rndini^ntaTy Treatise on tlis History, CunstnictioD, and lUiimination of 
Lighthouses. By Alan Stevenson, LL.B., F.E.S.E. Wralr, I.onJon, 1860. 
Ligbtlioose tllumination : being a Description at the KalopbotuJ System, and 
other Improvements. ByTtiomas Stevenson, F.R.S.E. 2d edition, London, 
1SS9, Optical Apparatus used in Liglithouscs. By J. T. Chance, M.A. — 

IMin. efPrv. fn'f. Civil gnginam, vol. i:ivi, j 





lights of oalj otM 
^idi an ii^dkable alike for baiboni. 



_, ptirposes. Figs. 30 to 33 represent the 
■dat>tdd, excepting that, instead i 





dioptric spherical mirror which is shown behind, minors of 
silvered copper are used &om motives of economy. The rays 
foiling on e h/i (Fig. 31) may also be parallelised by a com- 
bination of lenses or cylindric refractors, with totally reflect- 
ing right-angled prisms, straight when lenses are employed, 
and concentric with the prisms a and c when cylindric 
refractors are used. 

Figs. 30 and 31 show in elevation and section the appa- 
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Piatus for operating on the whole 360°, both in altitude and 

I azimuth, 80 as to produce a single beam of parallel raya; ab c 

is a dioptric half-holopbote, subtending a spherical angle of 180° 

at the flame ; e / is a sector of a dioptric spherical mirror ; 

k e/iis & portion of a paraboloid. 

Figs. 32 and 33 show in elevation and section an appara- 
tus for parallelising in altitude, and for illuminating 180° in 
azimuth ; a b o ia half of Fresnel's " beehive " apparatus, ef 
I the spherical mirror, and h g i j may be either reflecting 
[ prisms, or, as here shown, paraboloidal metallic strips, which 
I take the form of tnmcated paraboloidal domes, for which can 
I be substituted reflecting prisms and lenses, or cylindric ro- 
[ feactora. Where the hght admits of being condensed, the 
I straight prisms of the forms suited to the given azimuthal arc 
' are fixed outside of the other apparatus, so as to intercept the 
I emergent rays, and thus to coudense the whole 360° in alti- 
I tude and azimuth into any required azimuthal arc. In 1851, 
I in order to reduce the cost, 1 had made for the harbour of 
Morecambe, Lancashire, a holophotal apparatus, the len- 
ticular part of which consisted of glass pressed into iron 
moulds, instead of regularly ground glass prisms. This 
economic arrangement has since been adopted by M. Degrand 
■ of Paris, who at the same time reduced tu a considerable ex- 
tent the thickness of the glass. I have lately had azimuthal 
condensing apparatus constructed ou this plan for steamers' 
aide lights, and although there is necessarily a very consider- 
able loss of light, as compared with properly ground and 
polished bghthouse prisms, it is still, on economic considera- 
tions, very suitable for small harbours. In order to equalise 
. the power of the green light on the starboard side to that of 
the red light on the port side of steamers, the apparatus 
I for the green light should be made of a larger size than 
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for the red, so as to lesseD the loss of light by diveigence. 
By sdoptiDg a larger size of apparatus, a larger borner cao also 
be used, so as to increase the power without caaGing increase 
of loaa by diveigence. 

I have lately designed a still better instrument than those 
deacribed, called the difftreiUial holophote, which, 6y means of 
ainfffe optical agents, mill collect with wniform dfiisily in azimvth, 
the whole sp/ierc of diverging rays into ang given eylindrie atcttrr. 
This is effected by using, in connection with a sector of the 
common fixed light apparatus of Fresncl, a mirror having in 
vertical section a parabolic profile, and in horizontal section 
an elliptic or hyperbolic profile. 

Apparent Light. — There are two kinds of light to 
which it may be useful to refer, fiom their being speci- 
ally applicable to harbour purposes. The borrowed or 
apparent ligltt, as I have termed it, is a simple means 
of illuminating a sunk rock or other danger which ia 
inaccessible in stormy weather. And this object is attained 
without requiring a lamp or any kind of flame to be placed 
on the rock itself. A pole or perch, carrj-ing on its 
top a lantern containing different forms of ojitical agents (de- 
pending on the nature of the local requirements), is all that is 
needed on the rock itself A beam of paraDel rays, proceed- 
ing from a distant Iiolophote placed on the shore, is thrown 
seawards upon the lantern on the perch, where the incident 
rays are re-dispersed by tlie apparatus, so as to produce on 
optical deception to the eye of the mariner, who supposes be 
sees a lamp burning where there is in reality none. The ap- 
parent light is also very suitable for marking the seaward 
ends of breakwaters or piers. In entering harbours, sometinies 
one pier-head must be hugged, sometimes the other, according 
to the direction of the wind ; and so critical in stormy weather 
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is the taking of a harbour, that even a single yard of distance 
may be of comequence. Those only who know, from personal 
experience, the anxiety that is felt on entering a narrow- 
mouthed harbour by night, when there is a heavy sea running, 
can fully appreciate the importance of descrying, at as great a 
distance as possible, the exact position of the weather pier 
head. But harbour Ughta are, from their exposed position, 
often inaccessible in stormy weather. At some places, too, the 
outer breakwaters are not connected with the shore, and can 




only be reached by a boat in fine weather. The efficiency of 
an apparent light in auch cases of difficulty has been fully 
tested at the entrance of Stomoway Bay, in the Island of 
Lewis, shown pictorially in Fig. 34, where it has been in use 
for the last twenty-two years, and has been favourably re- 
ported on by the captains of many vessels that have run for 
the anchorage at night. The beacon or perch, surmounted by 
the apparent Ught apparatus (which distributes the rays that 
fall upon it over an azimuthal angle of 62°), is placed on the 
Amish rock, a sunk reef lying in the entrance to the bay. 




MB ^Mtka^ UhI ^i pipes oa^ be 
ha wA to waj iMwiHii yUce. the poartkn cf whidi re- ' 
qoiicd to be marked 1^ ii%td. AdBinl Sberin^u^ vittoMt 
■nj^ knowledge of mj snggestion, expoimented nmt snecns- 
fully in 1853, in Jllniniiniting a bnoy by means of gn. A 
light on this principle has also since then been constructed on 
the Clyd^ near Port4?]asgow, and is found to answer wdL 
The gas, which is kept constantly baming thongh with a veiy 
low flame thnmgh the day, is raised at night, and lowoed 
in the morning by stopcocks which are placed on tke dion. 

Metric Spark. — I have lately tested a proposal which I 
made in 1851, for illaminattog beacons or pier-heads by means 
of electrici^ conveyed tbroogh submarine or suspended wires 
connected with the shore. The ioduction spark is prodnced 
in the focus of optical apparatus. 

Hiupenmon Piers. — The suspension principle which has 
been found eo convenient and so economical in spanning val- 
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leys, where the undertaking would otherwise have proved im- 
practicable, has also been occasionally resorted to in marine 
architectiu'e. "Where the beach is long and shallow, a harbour 
or pier-head of timber or masonrj-, erected at or near the low- 
water mark, can be easily and cheaply connected with the 
shore by means of a suspension bridge. The inducements to_ 
adopt the suspension principle are, ita economy and the free 
passage it affords to the currents, which in this way are pre- 
vented from forming accumulations of sand, silt, op gravel. 
These advantages are, however, reduced by the perishable 
nature of the structure. The late Sir Samuel Brown erected 
two chain piers, the one at Brighton, and the other at New- 
haven, near Etlinburgh, both of which are still in existence. 
I Timhcr Ponds and Discliarge of Timber. — Timber ponds 
|}u>ld about 1000 loads per acre. For example, at Grange- 
month, with an area of 12 acres, 12,000 loads of timber can be 
stored. At Belfast, the ponds are from 150 to 230 feet wide 
at water surface, which, with the logs lying at the sides, 
allows a passage up the middle. Tlie rafts are 40 feet wide, 
eighteen inches being pillowed to each log. 

A vessel will discharge in the usual way from 150 to 260 
logs in a day, and on the Clyde the cranes for discharging 
timber put out about 500 tons of timber in a day. 

Advaviagts of two Eviranees to a Jfarhour. — In eveiy aitu- 
ation where it is easily practicable to make two entrances to a 
harbour, it will be found well worth the additional expense, 
provided they can be so placed, that the one shall be available 
when the other has become difficult of access. In harbours 
which have but one month, vessels are often detained for a 
great length of time when the wind blows in such a direction 
as to throw a heavy sea into the entrance ; whereas if there are 
mouths situated as wo have supposed, vessels are at once 
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ensbkd lo take their deputtire Gtom the shelu^reil suie. At 
the port of Petahod, the north and sooth hatboms were some 
jeon 1^ oaited by a canal, and then the advantage has been 
of the moet maricad description. Vesaels atn now dear out as 
M»a aa loaded, either by Uie north ta eonth mouth, accoiding 
to the state of the sea. Some caution is necessary, hoven^ 
in forming theee commamcations, as the run 13 )^>t to extend 
from the one basin to the other uuless there be a coosidenhle 
area ; and where the tides are etroog the currents may aiso 
prove troublesome. 

Mr. Mitchells Screw Piles. — The ingenious invention of Mr, 
Mitchell of llelfa^t, by which piles can be screwed into the 
grutind, has been ap|ilied by Lim to harbour purpoaea In 
quicksands and silU it had been often found impossible to 
drive piles satisfactorily, and after they had been driven they 
have been known to Htart up again. "Whereas piles fitted with 
screws on their ends are not only easily put dovm, but take a 
remarkably firm hold of the ground. Screws have been aaed 
as large aa 4 feet in diameter, and have been made to pene- 
trate clay and sand to the depth of,26 feet The pier at 
CourtowD, in the county of Wexford, is constructed on this 
principle, which haa also been successfiilly employed for 
lighthouses and beacons. 

Screw Moorings, — One of the most valuable of the applica- 
tions of the screw is that for the mooring of vessels in 
roadsteads, rivers, and barboura Screw mooiii^ TB17 in 
depth from 8 to about 18 feet, depending on the tenacity of the 
material and on the strain to which they are to be subjected. 

Methods of economising iime in the despatch of VesaeU. — 
Where commerce is prosecuted with the energy which is now 
so common in our own and other countries, the value of time 
becomes greatly enhanced, and whatever tends to shorten the 
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leugth of voyages, and the time of loading and discharging 
vessels, is justly looked on as a public benefit. The labours 
of Maurj', for example, who has so skilfully studied the general 
laws which regulate the ilii'ection of the winds and the 
currents of the ocean, and which have resulted in much 
economy of time, have been universally and gmtefally 
acknowledged by the shipiiing interests. Since the publica- 
tion of his wind and current charts, the voyage from Washing- 
ton to the Equator has been abridged by 10 days. That from 
California, which used to occupy 183 days, does not now 
I extend beyond 13i5. The average time of a ship between 
' England and Australia, which used to be 124 days for going 
and as maJiy for returning, is now reduced to 97 for going and 
I to 63 for returning. The actual saving in money which has 
residted from Maury's charts wa.s estimated in 1834 at 
f . 2,250,000 dollars for the shipping of the United States alone.* 
When so much has been done to abridge the length of 
I voyages, it beoomea an object not leas worthy of attainment 
that proper despatch should be secured in the discharge and 
loading of cargoes after the vessel comes into port. " Had we 
been out a week or ten days earlier," says a witness on the 
Birkenhead Dock Bill, f " we should have got a fi\;ight which 
I other vessels obtained. And at particular seasons of the year 
I it ia still more important, because, when bound on long 
I voyages, the loss of a week is of very great importance. At a 
i- tritical season it involves the necessity of tlie vessel taking n 
loiigtir route, a much longer distance and longer in tinte, 
[ perhaps a monlli, that would veiy oilen tlirow her into a con- 
k trary monsoon in returning." 

Sir W. Annstronff's Hydraulic Apparatus. — The principli; 

• Lm Phpinmicni>a d» la Mer, par Elie MwgoUe ; Paris, p. 70. 
t Pnrt nnd Docks of Rirkenhcnd : Lonrl, 1518, p. 86. 
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aai dMi^Ai ofttmrn farliMM^ iimiili oat and intodo^ 
EarUka^OelaMd^af cnKaad tin diip- 
( «f yaual esiqS°^ (<■■ novbeen sac- 
MHidl^aiqiidMaHsrtBfama. IteBseHhoweTer.os]; 
wibHUIb wkoe these is a gnt ■aoaaC of tnffi^ sod 
•Va^r^ifB^g tUawkem tkeKaioBuns onlja dxnt 
IfaM iK OetaM lenL JU tbe Yietooi Docks, where it is 
mafkltmi, Mt, Bidder * meatiam ^ co tbe 12th May 1 856, 
tt ^^ft aad 17 ihipi. or 11,711 toDS, came in ai one tide. 
b Ab aaA of ^dl 1SS9 tbe mrnber of 

Gtaft oacmc tte hvkavs . .1339 
> kaTM« 13S8 

V lr«rtaf aS8 

«r IB mpv^Ua of 2517 ciaft and &0S ships danog tbt 
■nA. Vhe ^tes, vluch am 80 feet span, are t^iened in 
bv dtan 1) nmnde^ At SondBilaiid On aeatmaUaton a» 
eqairalait to a bead of 600 fee^ and the eaigine is of 30 hone- 
pover. The gates (60 feet) are opened in aboat two minutes, 
and closed in aboat the same time, bjr one man at each gata 
A vtongfat-iioii bndge 16 teet wide, and inclading comiter- 
weight eqaal to Deari; 200 tons, is raised veitically 18 inches 
and drawn back io about 21 minntes.'f At Swansea the ao- 
comolatois are eqaivalent to an eSectire pressure of 750 lbs. 
per square inch, and there are three bigb-pressore engines ctf 
SO, 30, and 12 horse-power respectively. The time em- 
ploj-ed in either opening or closing the gates is about ttoo 
minutesanda Ao//; which is the shortest period consistent with 
safety. The nrought-iron swing-bridge can be opened or shat 
in one minute and a half. The ballast cranes, which are dis- 
• Min. Civ. Eng., toL iviit p, 486, + Ibid. vol. xv. p. 4)» 
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tributed round the dock, can each discharge from 350 to 400 
tons in the day. The quantity of coal that can be shipped is 
about 1000 tons per day, and the effective quantity of water 
required for the port is 21,050 cubic feet per week.* 

The saving of time effected by this metliod is very decided ; 
for at Liverpool, according to Mr. A. Giles, ■{■ gates of 70 feet 
require 20 minutes and 6 men on each aide to open them. At 
Peterhead there is a swing-bridge with double roadway, from 
designs of Messrs. Stevenson, which, though not on the 
hydraulic principle, is moved with great ease. Each leaf 
weighs 91J tons including 13 toua of ballast, yet it can be 
opened with one hand. The time required to raise the strut 
frame and open the bridge, with one man on each aide, is 
ahout two minutes and a half. \ The large new bridge at Leith, 
designed by Messrs. Eendal and Eobertson, and worked by 
the Armstrong apparatus, is 120 feet span, length of girder 
214 feet, weight moved 750 tons, and is opened in IJ minute. 

Fenders. — For the mutual protection of ships and the 
quay-walls at which they lie, fenders of timber are fixed to the 
masonry at such distances apart as to suit the length of the 
vessels or boats that freqiieut the port. They prevent the 
finding action of the vessels' sides against the masoiirj', 
while they distribute the pressure over a lai^e surface, and 
thus prevent undue force from coming on any single stone. 
Kg. 37 (in side elevation) shows a common method of attach- 
ing the fenders to the stones at top and bottom. Figs. 38 and 
39 represent in plan and front elevation another method 
which I have employed for many years. In each of the iron 
palms which embrace the pile a square hole or slot is made, of 




' AWmetliy, Min. Inst. Civ. Eng., vul, xxi. 
t Miu. Civ. E[ig,, vol. iviLi. p. 482. 
i J. LuinnMn Sen, Tran*. Bo;. Scot. Soc of Arts, roL i' 
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a size ransiderably larger than the wedge-shaped catttsr whicit 
Bectms the fender. A hole is also bored through the feudei 
of ft larger size than is needed for the cutter. \\'heu the 
fender i& to ht; fixed it is plac«d upright ttgaiuat the wall and 
betwften thf palms at top and bottom. The cutter is then 
drivfio through tlie paints and the fender, until it wedges the 
fender close to the niasomy. As the outer edge of the cutter 
bears hard against the oul of the slot in the palms, 

while the inner ed<je bears npc le inner side of the hole m 




the fender, a close contact of the fender with the masoniy is 
thus effectually produced, and their contact is preserved by a nut 
which ia screwed upon the smaller end of the cutter. After 
the timber has decayed or has worn out, the fender is easily 
taken out by unscrewing the nut, when a new fender can he 
put in its place. The advantage of this plan is the certainty 
which it provides for the uniform bearing of the fender on the 
quay-wall, whereas in the common arrangement it is difBcult 
to effect this, and at the same time to get the bolts to fit 
closely into the holes. Where both these objects are not at- 
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tained by accurate fitting, the whole force must come against 
the iron palms, which are from this cause frequently broken. 

Loading of Coal and Coal Staiths. — It is of importance in 
discharging coal into ships that the fall should be as small as 
possible. At Bramley Moor Dock, Liverpool, the Wigan Coal 
is discharged by railway 18 feet above the quay. At Sunder- 
land Mr. Meik finds that 20 feet above the quays, as at the 
South Dock, is too small for the shoots, and prefers 36 feet. At 
Fenarth the height is 22, and they are able to lift 180 tons 
per hour. At Greenock, where steam cranes are used, they 
load about 500 tons a day. At Middlesboro' they can dis- 
charge 150 tons per hour, but 106 tons are as much as can 
be trimmed on board. At Cardiff, where there is no hy- 
draulic machinery, they load 100 tons an hour. The distance 
between the staiths is 180 feet. 

At the T3me Docks Mr. Harrison states that on one occa- 
sion, when a vessel had very long hatchways admitting of 
several waggons being simultaneously discharged, 420 tons 
of coal have been shipped in 55 minutes, a feat which shows 
the admirable mechanism employed. 

Ballast Cranes, — At Swansea, with hydraulic machinery, 
they can discharge from 350 to 400 tons a day, and those at 
Penarth load at the rate of 60 tons an hour. 

Tonnage of the greatest British Ports, — The following 

table shows the total amount of imports and exports of 

the greatest ports of the United Kingdom. It is firom 

the Nautical Magazine of 1873, in a paper entitled, " Our 

Great Ports," and is stated to have been obtained firom 

trustworthy sources. 

Tons. 

1. London 11,695,482 

2. Liverpool 11,321,145 

3. Tyne ports 7,425,698 




4. CurdifT M'^fM* 

6. SnwUa'kDa 3,1SB,W9 

e. aiMgow S,«4I,477 

7. Hull 2,634,018 

8. Dublin 2,59l.«fl0 

». Bclfiwt ...... 1,984,080 

10. Swansea 1,7I0,S31 

11. Southompton .... 1,644,239 

IS. Briitol ... 1,564,687 ^1 

13. Eartkpool 1,57»,341 ^^H 

U. Nen^wrt ....-■ 1,367,969 ^^H 

le. Uitb 1,134,133 ^^1 

le. Cork 1,007,437 

Mooriiig-Pavda. — Stone, cast-iron, and timber, are used for 
mooring-pa;i']a. Fig. 40 represcDts a cast-iron pawl, and Fig. 



Plg.4L 



41 is one formed of stone. The best materials foi the latter 
are granite, limestone, or other tough mateiiaL Cast-iron 
pawls have been perforated on the top, so as to give an exit 
for compressed air at piers which are exposed to a heavy sea. 
Landing Platforms or Floating Stages. — A hmding plat- 
form or floating stage was first used, so far as I am aware, in 



RELATING TO HAnBOUHS. 



265 



the Mersey, by Sir W. Cubitt. It is 507 feet long and 80 
feet wide, and weighs about 2000 tona. The platform, which 
is of timber, tests on 30 malleable iron pontoons, each 80 feet 
long, 10 feet wide, and 6 feet deep, drawiog when loaded 
3J feet. Each pontoon can be detached and removed for 
painting or repair. The landing stage is connected with the 
shore by two hollow girder bridges 154 feet long, and having 
joints at each end, admitting of horizontal and vertical play, 
so that the stage can rise and fall freely with (he tide, with- 
ont disturbing the traffic. The moorings run from the quay 
under the bridges to the deck, thereby rendering unnecessary 
the use of anchors or chains, which might prevent veaaela 
from coQung freely alongside. 

Capsians. — Capstans worked by handspikes are a common 
and useful adjunct at the entrance to a harbour. At the 
one which is placed in the port of Honfleur near Havre, I 
noticed a simple expedient, which has been adopted for 
preventing ships' cables from ruiiruf when being coiled on the 
drum. It consists of an iron ring about four inches in width 
and about two inches thick, which encircles the capstan, and 
which is gradually pushed upwards as more and more of the 
cable is coiled on the drum or barrel. The heavy ring ia 
thus constantly pressing upon the cable, bo as to prevent it 
from rising too -high on the barrel. 

Caissons, employed instead of gates, are the invention of the 
late General Bentham, and are now frequently used both for wet 
and graving docks. These caissons, constructed of malleable 
iron plates, are sometimes made in the form of a ship's hull, 
and sometimes have vertical sides. The caisson fits into 
checks made for its reception in the side walls of the entrance 
to the dock. They require to be very carefully ballaated, and 
to be most accurately fitt«d to the masonry on the sides and 
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bottom. At higb water they are floated iuto the grooves, and 
are then scuttled by admitting tlie water into tlie interior 
clmraber. When a vessel has to leave the dock, the wat^j is 
again pumped out, when the caisson ia floated out of ite place 
and taken into the river or harbour, so as to bo out of the 
way of tlie vessel which is leaving. General Bentham says 
tliey are cheaper than gates, occupy less room, are more 
easily repaire*!, and the »ame caisson may be need for different 
places at dUferent times, while they answer for roadways and 
require less labour for opening. 

The caisson at Keysham was designed by Mr. Scamp, 
Depiity-Dii'ector of the Admiralty woihs, and is 80 feet wide 
and 43 feet deep, wilh an air-chamber at the bottom. When 
raised a few inches above the bottom, the caisson is drawn 
back into a rocesa or chamber in the side walls. The total 
weight is 290 tons, and the deflection was I inch near the 
bottom when the pressure over the whole surface was 2000 
ton,s. The time for opening and closing the entrance at 
Keysham is 10 minatfie and 8 minutes leqtectively. Die 
cost was about £10,000.* 

The wionghUiron caisson and folding bridge at the Gairel 
Graving Dock, Greenock, was designed by Mr. Einipple, and 
has been patented by hint He baa given me the following de- 
scription : — " The bridge is of sufBcient strength to admit of a 
locomotive passing over it. Instead of being floated out of 
its berth, at great loss of time and labour, as has hitherto been 
usual with ordinaiy caissons, upon vessels entering or leaving 
a dock, Mr. Einipple's caisson is carried upon trollies running 
upon plate rails, or upon rollers fixed on the floor of the 
caisson chamber ; and, by means of a smaU hydraulic ap- 
paratus, is drawn into or out of a chamber or recess andei 
* Uin. CiT. Eng. rul. ziii p. It*. 
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the quay as may be required. All the invert and stop quoin 
faces of the entrance against wliich the caisson with its t-eak 
meeting faces, slides and abuts, are of polished granita The 
bridge, by coming in contact with curved plntes, lowere or 
raises itself duriug the process of openiog or closing. Among 
the many advantages to be obtained in connection with this 
invention, it may be mentioned that the caisson may be opened 
or closed in a few minutes, at any time of tide, and in almost 
any sea or weather, or during a considerable current through 
the entrance ; it also avoids the cost of heavy awing bridges, 
with expensive foundations, opening and closing machinery, 
etc. The caisson may be also floated in the ordinary way, and 
removed to any graving dock for repairs, or be placed outside 
the entrance to act as a coffer-dam in the event of its being 
necessary to get at the cill of the dock or other parts of the 
entrance works below low water." 

Steam Craries. — At Glasgow, the 60-ton crane has a sweep 
of 421 f®^'' ; ^^^ 40-ton crane has a sweep of 34J feet ; and 
the 30-ton, 23J feet The largest cranes require, according 
to Mr. Deas, a sweep of 47J feet, and should be placed 16 
feet from front of the quay. 

Seventy-ton Cratie at Greenock. — 0ns of the lai-gest steam 
cranes that have as yet been mode was erected under the 
superintendence of Mr. W. K. Kinipple at Greenock, who lias 
contributed the following information regarding it : — 

"The crane is one of the first completed of a number of 
large cranes which Messrs. Taylor, Birkenhead, have in hand 
for various Harbour Trusts in the country — two being in 
course of erection at Plantation and Stobcross, Glasgow. The 
crane has a radius of 57 feet, and its total height is 71 feet 
It was tested first with a load of 70 tons of pig-iron, which, 
with a pressure of 40 lbs. of steam, was lifted at the rate of 
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t^To aud a half feet, per minute, being a minute less than the 
guaranteed time. It made a complete revolutioa in five 
minutes, or one minute lesa than the guaranteed time. Aftei^ 
wards the crane lifted a load of 91 tons, being one ton more 
than the guaranteed test load, and raised it about 12 inches. 
The lifting chains are IJ inch diameter, and have been 
tested to 78 tons, which, with four plies, would he equal to 312 
tons. Both cheeks and jibs are of wrought iron. Besides 
the principal crane, an auxiliary is provided for 10 tons and 
under. The auxiliary power lifts 10 tons at the speed of 10 
feet in height per minute. 

" The roller-patli and the 60 rollers are made of a material 
consisting of cast-iron and steel, with a small proportion of 
heematite iron, being, it ia believed, about 16 per cent stronger 
and considerably more durable than the beat ordinary cast- 
iron. No cast-iron is subject either to tension or torsion in 
any part of the structure ; the main frame, jib, etc, being, as 
already stated, of wrought iron. There are two steam engines, 
one for hoisting and one for turning, so that both operatiiuu 
can go on simultaneously. The hoisting engine has cylindats 
of 10 inches and 16 inches stroke, and those of the revolving 
engine ar& 8 inches and 12 inches stroka They are sapplied 
from one vertical boiler. The most important strains are as 
under: — 

" TensioQ on centre pin, with test load, and allowing Tod*. 
tot effect of overhanging etractuiBl weights on 
jib, block, etc .... 349 

Tension on each holding-down bolt, do. . 58 16 

Compreeaion on jib, do. . . . . 3S7 

Tension on tension rods .... 2&9 
Compression on front roller-path, supported by 10 
rollera, allowing in like manner for effect of over- 
hanging weights, bat ezclading the weight of the 
body of the CTaiifi .460" 
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' Iron Piers. — Piers of cast and of malleable iron are now 
frequently employed. Examples of these may be seen at 
ScarboroHgli, Southport, Portobello, and at many other parts 
of the coast, and have been found to answer even where there is 
ft considerable sea. At Scarborough pier I measured waves 
about 6 feet high, which struck upon the end of the pier. 

The pier at Southport, described* by Mr. H. Hooper, is 
of cast iron, and the mode of sinking the piles was peculiar. 
" The piles proper or lowest lengths of the columns are cast 
in lengths of 8 feet and 10 feet, and are sunk into the sand 
to the depth of 7 feet and 9 feet respectively. They were 
provided with circular discs 1 foot 6 inches in diameter, tu 
form a bearing surface, and a small hole being left in the 
centre, a wrought-iron tube, 2 inches in diameter, was passed 
down the inside of tiie pile and forced about four inches into 
the sand, a connection being made by means of a flexible hose 
between the top of the tube and a temporary pipe connected 
with the Water Company's mains, and extended as the sink- 
ing of the piles proceeded. A pressure of water of about 50 
lbs. per inch was thus obtained, and this was found to be suf- 
ficient to force the sand from under the disc. Each disc was 
provided on the lower side with cutters, which, on an alternat- 
ing motion being given to the pile, loosened the sand. The 
pOes were gradually lowered, and guided by a small ordinary 
piling engine. When tlie pressure of water had been removed 
about 5 minutes, the piles settled down to so firm a bearing, 
that when tested with a load of 12 tons each no signs of 
settlement could be perceived." f The cast-iron columns are 
7 inches in external and 5| inches in internal diameter. AH 
the piles, to the number of 237, were sunk in 6 weeks, being 
at the rate of between 6 and 7 in 24 hours. 
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TheClevedonpieriaof malleable iron. J. W.Grovet* states 
Uut vuk npiif^t ocHiButfi of two Barlow rails wuigbing SOlbs. 
to the yud, rivetted back to bock, and having a totiJ eection 
te MOh 100 feet SpftD itf 64 inclies. They are braced together 
llj diagonal ti&-ioda from If to 2| inch in diameter. T}ie 
loirar pottaODB of the piles below low water are of solid 
wtoaf^ iiOD, 5 inches in diameter, shod with cast-iron 
■onws S feet in diftmetez, and were screwed down till a 4}- 
isoh K^ passed nmnd G feet capstan bars parted with the 
itniilL IHtej penetrated the giuuud to depths varying from 7 
to 17 toet, and thoogh luade with a thread of 5 inches in 
pixsb, aeldom descended tuore than 2), inches or 3 inches in 
a tom. Tba solid pile^uins arc connected with the Barlow 
rail piles by csit-izon ahoes. Wliere rock occnrreJ holes 
won jumped, and a 4-inc)i wrought iron bar was inserted and 
Mcandl^a jsfgisd'lEey. A shoe to receive the Barlow rail 
WBB fitted and keyed on this, and the remaining space was 
caulked with iron cement The length of the longest pile is 
76 feet. The level of roadway is 16 feet above extreme 
high water, and the height above the ground at the pier-head 
is about 68 feet 

Advantages of Government supplementing Local Funds. — 
In concluding these remarks on Harbours, it may not be out 
of place to state that the want of sufficient funds occasions a 
great national loss in the construction of many of our ports. 
Tlie history of a large number of works which have been 
erected by private or local enterprise presents but a record of 
the building of piers at one period when funds were smaU ; 
and of taking them down again at another, when the trade 
huil increased, and more room and accommodation were re- 
(piiit'il. The difficulty of procuring capital for schemes, how- 
• tliu. Civ. Eng. vol. 1X1.11. 
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ever beneficial in their tendency, and however likely to be 
ultimately productive, is fully established by the early history 
of many of our now flourishing ports. 

Mr. Webster justly affirraa on this subject " that if it be a 
true principle of commercial policy that docks should be in 
advance of the actual wants of trade, that stations should be 
freely afforded on the highway of the seas in which the pro- 
ducts, artificial and natural, of all nations may be collected 
for interchange and distribution, it follows that capital must 
be employed on an object which, for the time being, or on a 
limited view of the case, may be regarded aa unproductive ; 
and hence arises the difScuity, iu questions of this nature, of 
providing ample Jock accommodation for a rapidly-increasing 
and variable state of commerce at the minimum rate of chai'ge 
consistent with profitable investment. The history of the 
dock estate of Liverpool, and of the struggles and questions 
to which its constitution has necessarily given rise, will afford 
curious illustration of the difficulties with which this question 
is surrounded." • 

The want of sufficient funds often prevents the original 
works from being carried within deep water, and iu conse- 
quence the most expensive part of the protecting breakwater 
is put down just in the very place which has afterwards to be 
converted, at great expense, into a deep-water access or berth- 
age. Sometimes, indeed, a whole line of pier is, from motives 
of economy, placed in such a manner as to interfere most 
materially with what might liave been by far the best and 
safest berths for shipping, so that in the future extension of the 
works part of the old harbour has to be demohshed. Want of a 
proper marine survey has also led to very serious errors in the 

, F.K.3. 



\ 2Y2 MI8CELIANE0CS SUBJECTS EELITISG TO UABBODES. 

position of piera. U is moat important, therefore, that in all 
dcsigna for harboiira the principle of makiog improvements 
and Gxtenaions antieipaiive should be clearly kept in view. 
To snoh an extent has tliii system of partial and limited 
I improvements prevailed, that were an engineer called on to 
value many of our works as they exist at present, his estimata, 
' however fairly and fully made out, would fall far short of the 
[ actual cost. For it would proc™"' on a meaBUrenjent of what 
I he sees, while the actual cost v>i d include the building of 
[ ■piei'8 and jetties which had ceaa ) exist Fortheae reasons 
■we conceive there could hardly be a more advisable expendi- 
tni-e of the public money than a system of grants, on a. 
I liberal scale, for supplementing the local funds. With such 
aid the authorities on the spot wo old be enabled to protect 
and improve the existing physic il advantages which the 
flhores possess, by preventing the constniction of proposed: 
improvements on too narrow a scale. But a comparatively 
slight increase of the means would, in many insfanties, inclose 
a great additional area, and secure a deeper access wiUi 
Bnperior internal tranquillity ; the want of which cripples the 
trade, and becomes a subject of lasting regret to all frequent- 
ing the port 

It is gratifying to add that since the aboTe remarks 
regarding Government aid appeared in the article "Har- 
bours" in the Sncydopcedia Briianniea, a bill, by the' Bight 
Honourable T. Milner Gibson, then President of the Board of 
Trade, was brooght into Parliament and passed, for granting 
for the construction of harbours, loans imder £100,000, at Uie 
rate of SJ per cent This Act has already, at many places, 
conferred most material advantages, in which the nation at 
large will doubtless eventually participate. 
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Plates I. II. and III. represent different modes of finishing pier-heads 
and of terminating talus walls at various harbours. The arrows 
denote the directions in which the heaviest waves strike the piers. 

Plates IV. V. and VI. show cross sections of different tidal piers of 
masonry ; while Plates VII. and VIII. show similar cross sections of 
breakwaters in deep water. 

Plates IX. and X. are cross sections and elevations of tidal piers 
and quay walls of timber. 

Plates XI. and XII. refer to the breakwater at Wick, described at 
page 45 ; the former showing the block of 1350 tons which was dis- 
lodged by the waves, the latter representing a photograph, kindly fur- 
nished by Mr. Johnston of Wick, of the waves when striking upon the 
breakwater, the parapet of which is 2 1 feet above the sea. 

Plate Xni. shows all the important sea lighthouses hitherto con- 
structed in exposed situations, drawn to the same scale, and referred to 
at page 105. The hard line drawn across the Plate represents the 
level of high water of a spring-tide, and the dotted line shows the level 
above high water at which the masonry was dislodged at the Dhuheartach 
Lighthouse, Argyllshire, and which is the same as that of the light- 
room of Winstanley's lighthouse on the Eddystone. 

Plate XIV. is the gates of the Londonderry Graving Dock, as de- 
signed by Messrs. Stevenson. Fig. 1 shows elevation ; Fig. 2 cross 
section ; Fig. 3 shows the mode in which the beams were built to- 
gether. The other diagrams show details of friction-roller, etc., as 
designed by Messrs. Rendel and Robertson. 

Plate XV. shows the cylindrical Victoria Dock gates, designed by 
Mr. G. P. Bidder, and as given in the Proceedings of the Institution of 
Civil Engineers. 

T 



274 



ItEFEEESCE TO PLATES. 



PUto IVL Fig. I to Fig. 9 show details of the dock g 
ugnud hj tlie law Mr. J. M. IUdiIc:!, foT Great Grimsby. Tlie di 
Mtc from tlie Miiiiite» of the Institution of Civil EugineeiB. ^91 V^ 
Slid II &re llie anclior jilHtes for Londonderry gates, and Figs. IS ud 
13 thoae of the gntea at Gimt Giinuby. 

I^ato XVII. shows qiiay walls at Olasgow Dock and Uorecambe 
llsrlioiir, nbd at Pluatation Quay, tilasgow, in plau and section, tefcoEd 
to ttl lAffi! 303. 

Plate XniL gives the oedioo of the new breakwater at Aberdeen, 
by Mr. W. Dyc« Cay, and of the Delta of the Danube, by Sir Charte* 
Hutlny. In the section of Aberdeen BreokwHter A ia the fmuidoticnl 
of ccrucrrti! dcpuaiied liquid iu lia<;s, in nuuies u]) to IS tana. B on: 
cotLcr«te Idocha, from 13 to S6 tutiH, built regularly iu cuunes, with 
good bond from the fuundation-concrete up to itbove low water. C 
la concrete dt<po«it«d liquid in ritii in frames, in noBEee of 600 to 1300 
ton*, extending from above low water to 1 1 feet above high water oldi- 
uury spring-tides. D are 100-ton blocks deposited liquid in bags, eadi 
bag holding 100 tons, forming the apron of the work. The deptli of ~ 
wiiter is 20 feet at low water of epriBg-tiiles, and 32 feet at high water. 

Plale XIX. iiwKS a croas ?eclioji imd jilan of Anetnither Harbour. 

Plate XX. KpreBenta, in plan and croBB eeetion, the Oraving Dock 
at Londonderry, erected in 1662, showing the syatem of underground 
drainage for keeping the floor dry. 
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A DESCRIPTION OF THE HOLOPHOTAL SYSTEJI 

*!(P or UnMUTHAL COSDKKSING AND OTHKK NBW FORMS 
OF UailTBOUSK XPPAKATCB. 

By TUOAIAS STEVENSON, F.ItaE., M.I.C.E., Civil Engineer. 
SMiiui Edit'um. 



CHAITKH r. — The Materials of whidi tbo different kinds of Light- 
house Appontttu consist. ■ 

Chapter II. -Hobpliotal System. ' 

Chaiter III. — Modification of the Holophotal Sj-atem aa i^tpUeil 
to Fiist Order Apparatus whiuh does not require to condouB 
all the liglit into one heAiu. 

Chapter IV, — Arinmthat Condensing Lights, or Apparatus for dis- 
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